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Abstract
A fabrication process was developed to produce thin film probe coils for use in high
resolution NMR spectroscopy. Sputter deposited thin film copper coils in the micron
range were investigated as a potential replacement for the traditional 1mm diameter
copper wire coils currently used.
In NMR spectroscopy higher resolution may be achieved by employing higher
field strength magnets which increases the intensity of the inherently weak NMR
signal. A reduction in the mass of the copper probe coil through thin film deposition
was anticipated to reduce the disturbance to the homogeneity of the magnetic field at
higher field strengths. This would have the effect of improving the resolution of the
detected NMR signal.
The planar magnetron sputtering system used in this work was new to the
laboratory and required comprehensive characterisation and design modifications at
the commencement of this work. Adhesion experiments were performed to assess the
adhesion of sputtered copper to the glass substrates. 20pm planar copper coils on
50mm X 50mm glass were deposited. Wobble tests performed showed little
disturbance of the magnetic field when tested at 500MHz and Q tests yielded a Q
factor of 140. A number of well-defined coils of thickness 10-20pm were sputtered
onto 6mm diameter cylindrical NMR glass tubes coated with Si02 as an adhesion
promoter. Q tests perfoiTned on these saddle coils gave disappointing results. The
inadequate adhesion of the copper to the glass substrate, the geometry of the coils and
the thickness of copper may all have contributed to the low Q factor values (25, 46).
The suitability of the magnetron sputtering deposition system for the formation
of copper coils has been established. Furthennore it has been shown that a reduction
in the mass of copper does indeed dramatically reduce the inhomogeneity caused by
the presence of the copper.
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Introduction
Research aims
The principal aim of this work was to determine the suitability of planar
magnetron sputtered copper for the formation of copper coils on NMR (Nuclear
Magnetic Resonance) glass tubes. Traditionally copper coils for use in NMR probes
have been wound by hand, using 1mm diameter copper wire, around glass NMR tubes
of 6mm diameter as shown in Figure 1 below. These coils limit the resolution of NMR
spectrometers employing ever increasing magnetic field strengths due to the presence
of the copper itself The objective of this work was then to reduce the amount of
copper in the coil by using a planar magnetron sputtering system to deposit thin film
copper coils of 20pm thickness onto the NMR glass tubes.

Figure 1. A traditional copper coil wound by hand, using 1mm diameter copper wire,
around 6mm diameter glass NMR tubes for use in NMR probes.

Figure 2. Copper coils sputtered onto 6mm diameter NMR tubes.

The planar magnetron sputter deposition system used throughout this project
was donated to the Department of Applied Physics and Instrumentation, CIT by Intel
Irl. Although the system was installed prior to this project, it had not been used at CIT
for the deposition of copper or any other metal. Therefore extensive experimentation
was required to characterise the system before the sputter deposition of coils could be
undertaken. This involved evaluation of the operation of all components in the system
e.g. cooling water supply, vacuum pumps, and the sputter gun to ensure their safe and
correct operation. The temperature at the target and substrate during sputtering as well
as the deposition rate of copper were unknown at the outset and hence the initial stage
of this project concentrated on the measurement of these parameters and the
characterisation of the system.
Subsequently, with knowledge of the aforementioned operational parameters,
the sputter deposition of coils onto glass was undertaken. In particular this involved,
1. Optimisation of the substrate for deposition involving the design and
implementation of adhesion tests to compare the adhesion of sputtered copper
to different glass substrates.
2. The design and manufacture of various masks used to define the geometry of
sputtered planar and saddle coils.
3. The use of these masks to produce planar and saddle copper and
copper/aluminium coils that could be tested to determine their suitability for
NMR applications.

Chapter Overview
Chapter 1 outlines the theoretical background to Nuclear Magnetic Resonance
Spectroscopy and examines the significance of the Q factor and skin effect for RF
applications. Thin film sputter deposition and the relationship between the deposition
parameters and the properties of the deposited film are discussed. Finally the issue of
adhesion and the adhesion tests reported in the literature are examined.
Preliminary experimental work, as described in Chapter 2, focused on the
characterisation of the deposition system. The deposition rate was evaluated and
adjusted to suit the application. Measurement of the thickness of the deposited film
allowed analysis of the uniformity and repeatability of the deposited thickness.
Subsequently in Chapter 3 the design and implementation of the adhesion
experiments to determine the optimum glass substrate on which to deposit copper are

discussed in detail. The results of these adhesion experiments are analysed and
discussed. The latter section of Chapter 3 is devoted to the description of the
progression from flat planar coils to three dimensional saddle coils on NMR tubes.
The results of RF tests on the planar and saddle coils carried out at Bruker Analytik
GmbH, Germany are presented.
Chapter 4 discusses the achievements with regard to the project aims.
Modifications to the deposition process, alternative substrate choices and other areas
for further development are identified.

1.

Theory

1.1. NMR Principles and NMR Spectroscopy
Nuclear Magnetic Resonance (NMR) involves the absorption and emission of
electromagnetic radiation by the nuclei of certain atoms when placed in a magnetic
field [1]. Practical NMR spectroscopy requires that the sample to be analysed be
placed inside a transmitter/receiver RF coil which is in turn placed inside a
superconducting magnet. Coherent, monochromatic, electromagnetic radiation is
generated by passing a sinusoidally oscillating current though the RF coil. If the
resonant frequency of RF radiation satisfies the resonant condition of the nuclei in the
sample, the sample is excited. When the excitation radiation is switched off, the
sample undergoes relaxation by the emission of electromagnetic radiation and
consequently an alternating current is induced in a receiver coil. The amplified signal
from the receiver coil is taken as the NMR signal [2]. Information on the bonding and
atomic arrangement within the sample is extracted from the frequency and amplitude
of the signals at the receiver. The nuclear structure of the sample largely determines
the basic resonant frequency as each isotope has a particular proton and neutron
combination. The effect of the local atomic environment, and in particular the bonding
arrangement, is to modify or “shift” the basic observed resonant frequency [3]. The
intensity of the signal is proportional to the concentration of the NMR active nuclei in
the sample thus yielding quantitative information.
Nuclei which respond to electromagnetic fields have non-zero nuclear spin
quantum number or non-zero magnetic moment and are said to be spin-active i.e. the
nucleus behaves as thought it were spinning at random about an axis, which generates
a small magnetic field about the nucleus. The interaction of the nucleus with absorbed
electromagnetic radiation causes the nuclei to orientate themselves with respect to the
direction of the applied magnetic field. More than one orientation is possible with
spin-active nuclei, giving rise to different spin states. A slight difference in energy
exists between the spin states and transitions between these spin states can be
activated by RF radiation yielding an energy difference, AE. The strength of the
applied external magnetic field Bo and the magnetogyric ratio y of the nuclei govern
the frequency Vo of the electromagnetic radiation absorbed and subsequently emitted
by the nuclei. The Larmor equation defines the relationship between y, Vq, and Bo

Bo

Vo

In

Larmor Equation

(1.1)

A nucleus of spin I can adopt any of (21+1) energy states when placed in a
magnetic field. The energy difference M, between states which a nucleus can adopt in
a magnetic field as detected by NMR spectroscopy is of the order of 10'^^ to 10'^^ J
and the difference in population between various states (as described by the
Boltzmann equation A^2/^i =l-A£'//:7’) is very small, approximately 1 part in 10^
[1]. Consequently NMR signals are weak compared to other forms of spectroscopy.
According to Planck’s Law, AE" = hvo where h is Planck’s constant and

is the

frequency of the electromagnetic radiation. A£ is thus proportional to the applied
magnetic field Bo. Consequently, the energy difference AE increases with increasing
magnetic field strength. The fact that increasing the magnetic field strength increases
the population difference and hence the intensity of the NMR signal has encouraged
the development of NMR spectrometers employing higher field strength magnets that
operate at higher frequencies. A magnetic strength of 14.1 Tesla (T) corresponding to
resonant frequencies of up to 600MHz for proton spectroscopy is now commonplace
in many laboratories. Systems employing magnetic field strengths corresponding to
proton resonant frequencies in excess of 1 GHz are under development.
In high-resolution spectroscopy, where the aim is to achieve the narrowest
possible bandwidth, it is imperative that all magnetic materials other than those under
investigation are excluded from the sample. The presence of different materials with
different magnetic susceptibilities disturbs the homogeneity of the constant magnetic
field Bo. Such materials include the copper of the RF coil, the glass of the sample tube
and the coil support, air or other contaminant sources present. Magnetic field
imperfections or inhomogeneity may also be caused by susceptibility differences
within the sample itself The occurrence of inhomogeneity limits the spectral
resolution due to line-width broadening and gives rise to artifacts in the susceptibility
map [4]. The higher the applied magnetic field the more severe the disturbance of that
magnetic field, hence, the greater the need to eliminate all sources of inhomogeneity.
Reducing the mass of copper in the coil was designed to minimise the disturbance due
to the coil material.

1.2.

The Skin Effect and the Q Factor
Power is lost through a conducting coil owing to a number of different

mechanisms, the most important being copper losses or winding losses. Energy is
dissipated due to the resistance of the wire used to construct a coil. At low frequency
the loss can be considered to be frequency independent and may be calculated from
the equation
P = 0.022/

^ I
D

Watts

(1.2)

where I is the RMS current in the winding (A), D is the diameter of the conductor (m),
and / is the length of the winding (m). However the energy dissipated at high
frequencies is further influenced by the skin effect. The skin effect is the tendency of a
current flowing in a conductor to be confined to a layer in the conductor close to its
outer surface. At low frequencies the skin effect is negligible and the distribution of
current across the conductor is effectively uniform. As the frequency is increased the
depth to which the electron flow can penetrate is reduced. This depth may be
approximated using the equation
S, =

2p

meters

(1.3)

where Ss is the skin depth (meters), p is the electrical resistivity of the material (ohm
metres), Ho is the permeability of free space(H/m), fir is the relative permeability and/
is the frequency (Hz). The effective skin depth for copper at various frequencies is
tabulated in Table 1.1 below.
Frequency
(Hz)

Skin Depth for Copper
(m)

50

9.3x10'^

100

6.6x10'^

IK

1.09x10'^

lOOK

2.09x10"*

IM

6.6x10'^

lOM

2.09x10'^

lOOM

6.6x10'^

500M

2.296x10'^

Table 1.1 The reduction in skin depth with increasing frequency.

A reduction in the mass of copper present in the coil was anticipated to reduce
the disturbance of the static field due to the magnetic susceptibility of the copper
itself. However the skin depth at higher frequencies imposes a lower limit upon the
thickness of the deposited copper coils; the thickness of the copper coil must be
sufficient to accommodate the skin effect. For a frequency of 500MHz the skin depth
is 2.2pm. Clearly a coil 1mm thickness is much greater than is necessary and the
projected thickness of 20pm is sufficient to ensure adequate conductivity of the coil.
The Q factor is a measure of the '’quality” of a resonant system in terms of the
“sharpness” of the response, and may be defined as the resonant frequency,/-, divided
by the bandwidth Bw'Q=

L
B.

(1.5)

On a graph of response versus frequency, the bandwidth, measured in Hertz, is taken
as the width of the response curve at half the maximum power response or the width at
the 3dB point.
In typical series resonant circuits the capacitive and inductive components
cancel at the resonant frequency so that only the DC resistance remains. At low
frequencies the Q factor tends to be good, however as the frequency increases the skin
effect causes the apparent resistance of a coil to increase above that suggested by the
DC value thus lowering the Q factor in resonant circuits.

1.3.

Sputtering
In a sputter deposition process, a target is bombarded with high energy ions of

sufficient energy to eject one or more atoms from the surface of the target. The
sputtered or ejected atoms are deposited as a thin film onto the surface of a substrate.
A basic sputtering system consists of an anode and a cathode placed inside a
vacuum chamber. In the presence of a process gas, a voltage is applied between the
anode and cathode. Positive ions present in the gas are accelerated toward the
negatively charge cathode or target. The bombardment of the target by the positive
ions may, depending on the energy of the ion, cause a target atom to be sputtered or
ejected from the surface of the target. Secondary electrons, which are also released
from the cathode, are accelerated towards the anode. Collisions between the secondary
electrons and gas molecules or atoms may result in further ionisation of the gas atoms,
yielding two more electrons as well as positive ions. These newly formed positive ions
are accelerated toward the cathode, thus increasing the ion bombardment at the target.
The electrons liberated are accelerated toward the anode and collide with further gas
molecules also resulting in further ionization. Thus an avalanche effect is established
causing a self-sustaining plasma to strike and the process of continuous sputtering
results (see Figure 1.2). If a secondary electron does not have enough energy to ionise
a gas atom on collision, the result may be to excite an atomic electron to a higher
energy state. The decay of the electron from this excited state through the release of a
photon gives rise to the characteristic glow of a plasma.
Depending on the energy of the incident positive ions arriving at the target
four interaction mechanisms are possible. If the energy is low, less than 10 eV, the
energy of the ions is close to the surface binding energy and the ions may bounce off
the surface without causing sputtering. At energies in the range approximately 30 eV
to IKeV the incident ion collides with a surface atom, a portion of the ion energy is
lost as heat, the remainder may break some of the bonds of atoms at the surface of the
substrate. Most of the energy transfer occurs within a few atomic layers of the surface
and results in the ejection of an atom or a cluster of atoms from the surface. At high
energies of 1 KeV to 50 KeV, the incident ions have enough energy to break all the
bonds in a semicircular region around the impact site. This results in a greater number
of atoms ejected from the surface.
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Figure 1.1 Avalanche mechanism in sputtering.

At still higher energies, the incident ion tends to travel into the bulk of the
target and this penetration forms the basis of ion implantation [6] [8]. In this work the

applied DC accelerating voltage is 500V and so the energy of the incident ions is
considered to be in the 30 eV to 1 KeV range.
Magnetron sputtering makes use of the fact that electrons in a magnetic field
are subject to a force given by
F = {qv)X{B)

(1-6)

where q is the electronic charge, v is the velocity and B the strength of the magnetic
field. The applied force is at right angles to the electron velocity, which causes a free
electron to spiral around the magnetic field line in an orbit of radius r = mvlqB. The
magnetic field strength in magnetron sputtering is in the region of 50 to 200mT and is
configured so that the electrons, and not the ions, are significantly influenced by the
field [8]. The effective path length of the electrons is increased, thus increasing the
probability of collision with a gas molecule, thereby increasing the ion flux and
consequently increasing the sputter rate.
Although every system is unique it is worth noting some typical operating
parameters. Deposition rates of 0.1 to 2 pm/min, argon gas pressure of 2 to 6 mTorr,
DC voltages of 400 to 700V, bombarding ion current densities of 1 to 30mA/cm^ and
kinetic energies of 2 to 20 eV for the depositing species. Target to substrate distances
are typically 40 to 100 mm depending on the configuration of the sputtering system
[9][10][11][12][21].
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1.4.

The Properties of the Deposited Film
The influence of the deposition parameters on the morphology and properties

of a sputtered deposited film has been reported frequently [9][12][13][14][15]. The
crystal structure, the inherent stress and the adhesion of the film to the substrate are
shown to depend primarily on parameters such as the plasma gas pressure, the
temperature at the substrate and the applied DC voltage. The average energy of the
sputtered atoms is required to be as large as possible in order to optimise the adhesion
and grain structure of the deposited film [15] The energy of the incident ions and the
sputtered atoms and hence, the deposition rate, are determined by the gas used, the
pressure and the applied DC voltage.
The mean free path of the sputtered species is influenced primarily by the
argon or process gas pressure as shown in Figure 1.2 which shows the mean free path
as a function of argon pressure. At a process pressure of 4mTorr, which was used in
this work, the mean free path is shown to be in the region of 10mm. While the
secondary electrons are confined within the magnetic field around the target, the
accelerated sputtered atoms may reach the substrate if the mean free path is
comparable to the target to substrate distance. Increasing the target to substrate
distance is said to increase the directionality of the sputtered atoms [16] but also
decrease the deposition rate [17].

Mean Free Path as a function of Argon
pressure

Argon Pressure [Torr]

Figure 1.2 Mean free path as a function of argon Pressure after Radzimiski et al [16].
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In this work the target to substrate distance was 140mm which was
significantly greater than the mean free path of 10mm indicated in Figure 1.2. The
substrate holder was attached to the chamber lid (as detailed in Figure 2.2) and moved
with the chamber lid. This configuration restricted the target to substrate distance to
between 130mm and 180mm because of the clearance required between the substrate
holder and the target on opening and closing the chamber lid.
The temperature at the substrate, which may often be independently
controlled, affects the grain size and grain boundaries of a deposited film. It impacts
on the stress within a deposited film and hence the adhesion to the substrate. The
different contributions to substrate heating include firstly, the heat of condensation of
adsorbing atoms as the sputtered atoms adsorb onto the substrate surface, going from
the gaseous to the solid phase. Secondly radiation from the hot target contributes to
the thermal energy of the substrate as does the kinetic energies of the electrons, ions
and energetic neutrals [10].
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1.5.

Introduction to Adhesion
Generally the adhesion between two surfaces depends on both the chemical

and physical, or mechanical, interactions between the surfaces. In the case of chemical
interactions stronger interfacial interaction is generally achieved when there is
oxidation and reduction between the materials, i.e. when materials that can readily
accept electrons interact with materials that are electron donors and form an electronic
bond between the two [19]. In other words the strongest adhesion is achieved when
there is interatomic bonding between the deposited species and the atoms at the
surface of the substrate [20]. In the absence of this chemical bonding, which is the
case in this work, mechanical interlocking between the surface of the substrate and the
deposited film greatly enhances adhesion of the film. A roughened surface ensures
mechanical interlocking between the film and substrate; the roughness of a surface
may be inherent or induced either by mechanical abrasion or chemical etching.
Research has shown that the adhesion of copper to glass substrates is generally
problematic with weak adhesion commonly reported for polished glass substrates
[20][21][13]. The reasonably stable electron configuration of copper, a half full outer
4s shell and full outer 3d shell, has been put forward to explain this occurrence.
Copper does not readily react with and lose electrons to surfaces such as glass;
consequently, the adhesion of copper to such surfaces is generally reliant on effective
mechanical interlocking between the deposited copper and the surface. In early stages
of this work mechanical interlocking was effectively employed to bond the sputtered
copper to planar glass substrates (as discussed in detail in Chapter 3.1). Alternatively
thin layers of aluminium or transition metals such as titanium, which readily oxidise,
are commonly employed as adhesion promoters. Si02, as used in this work, is also
used to improve the adhesion between a substrate and a deposited film
In addition to the issues of chemieal bonding and mechanical interlocking of
the substrate and deposited film, there are a number of factors, as mentioned in the
previous section, known to affect the adhesion of a metal film deposited by vacuum
deposition techniques. In magnetron sputtering for example the applied dc voltage of
the plasma, the temperature of the substrate and the working gas pressure affect the
grain size, grain boundaries and crystal structure of a deposited film which in turn will
affect its adhesion properties. The thickness of the film and the deposition parameters
may also contribute to stresses within the deposited film which can impact on the
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adhesion If there is a large stress gradient between the substrate and the deposited
thin film then the adhesion is weak [17][19]. A large temperature difference between
the substrate and deposited film during deposition can increase the stress within the
film. Stress within the film may cause the film to peel from the substrate immediately
on exposure to atmosphere or later on subsequent high temperature processing. Such
subsequent high temperature processes may also lead to the formation of voids in the
film. In addition, apart from the inherent stress due to the deposition of the film, a film
that initially appears to have good adhesion may later peel on heating due to
differences in the coefficients of thermal expansion of the film and substrate. The
thickness of the film also has a significant effect on adhesion of the film. In a peel test
investigating the peel strength of Cr in a multilayer Cu/Cr/Si configuration it was
suggested that the peel strength of Cr decreased in the specimen as the thickness of Cr
increased. It was suggested that the forces required for plastic deformation of the film
decreased as the thickness increased since less plastic bending deformation occurs in a
thicker film. While these factors are noted here there was no attempt to investigate and
control the effects of these parameters in this work.
The presence of contaminants, grease or dust particles, will also lessen
adhesion between surfaces. A number of techniques, as reported in the literature, are
used to clean and pre-treat a surface prior to deposition, these include abrasion,
chemical cleaning and etching as well as plasma cleaning and etching. The amount of
contaminant removed, the resultant condition of the substrate, and the consequential
improvement in adhesion are dependent on the technique applied and its interaction
with the substrate itself The adhesion experiments carried out by Kang et al [23]
demonstrated that substrates that were not cleaned prior to deposition displayed poor
adhesion and all films peeled off with the sticky tape test. A marginal increase in
adhesion was observed after cleaning the substrate in 1% HF solution and a further
increase was observed after in situ argon RF plasma cleaning for 5 minutes. In situ
argon RF treatment for the longer time of 20 minutes resulted in surface cleaning
along with chemical activation of surface atoms. This surface activation was shown to
increase the bonding between the sputtered titanium atoms and the silicon and silicon
nitride substrates used [23]. These observations were mirrored across all the relevant
literature reviewed, thus highlighting the critical nature of the substrate surface
condition. In particular this emphasised the requirement for a clean, contamination-
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free surface, which contributed to the implementation of the cleaning procedures used
in this work. As discussed in detail in Section 2,1, the cleaning technique used was a
basic solvent clean commonly used in the semiconductor industry which effectively
removes contaminants without altering the surface of the substrate.
Also apparent on review of the literature was the fact that superior adhesion
was commonly achieved by mechanical interlocking of the substrate and deposited
film through substrate surface roughening. NMR samples are placed in a sample tube
which is in turn inserted inside a second or outer glass tube. The copper coil is wound
around, or in this work deposited onto, this outer tube. Flat glass was initially used to
develop the deposition process and to form planar coils for RP testing. Subsequently
glass tubes were used as the substrate for the formation of the saddle coils. Roughened
Suprasil glass (Suprasil glass is the glass currently used by Bruker Analytik for NMR
purposes) with an average surface roughness (Ra) of 2pm was the first choice of
substrate; chosen so as to facilitate mechanical interlocking between the substrate
surface and the copper film.
Excellent adhesion of the copper film to these roughened flat substrates was
observed using the sticky tape test described below. On progression to saddle coils,
due to the unavailability of cylindrical glass tubes with a suitable Ra, it was necessary
to use polished cylindrical glass tubes. Using the sticky tape test the adhesion of
copper to these tubes was shown to be quite poor. Therefore at the suggestion of the
industrial collaborator the tubes were supplied coated with 50nm of Si02 as an
adhesion promoter.

1.5.1.

Adhesion Tests
A quantitative measure of adhesion, i.e. the energy required to separate a unit

area of interface, is difficult to achieve. Quantitative methods tend to require extensive
sample preparation and are thus not employed as often as other more semi-quantitative
or qualitative methods. A variety of adhesion tests are used in industry to measure the
adhesion of a deposited film to a particular substrate: the sticky tape test [23] [24], the
blister or bulge test, the peel or pin-pull test [23][26][25] [8], and the scratch test [23]
are amongst the most widely reported. In the work by Kang et al [23] a number of
adhesion tests were carried out on sputtered samples subject to different pre
treatments. A wide variation in the results between the various measurement
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techniques was apparent in the literature; the numerical result being dependent upon
the method of preparation of the samples for testing, the type of test and the particular
apparatus used. The variation in results between different adhesion measurement
techniques confirms the qualitative nature of most of the adhesion tests encountered.
Perhaps the most common “first go” test is the sticky tape test. This test cannot
be used to evaluate quantitatively the adhesion of a film. However, it can be used to
compare qualitatively the adhesion between different samples. The sticky tape test
involves applying a length of tape to the deposited film, pulling the tape off, and
assessing the amount of the film that has been removed. The tape used is often 3M
Scotch Tape.
The blister or bulge test can be used to quantitatively measure the adhesion of
a metal film to, in particular, a thin polymer substrate. A circular orifice is formed in
the polymer substrate, leaving the adhering metal layer intact. Pressure is applied to
the freestanding portion of the metal film by introducing an incompressible fluid
through the orifice. The pressure of the fluid causes delamination and the metal film is
removed from the polymer substrate. Analysis of the pressure-time relationship allows
a quantitative estimate of adhesion. This test is suitable where the orifice may be
formed in the substrate with ease and without affecting the deposited film itself and,
hence, is not applicable in the case of copper on a glass substrate.
The Scratch Test reported by Kang et al. [23] employed a CSEM REVETEST
to generate scratches under a linearly increasing load. Samples were scratched at a rate
of 100 mm/min with a diamond indenter having a spherical tip of 200 pm in diameter.
The load at which the onset of coating failure occurred, as demonstrated by cracking
or the loss of coating, was defined as the critical load which was used as a measure of
adhesion. A scratch test was not implemented in this case as the necessary equipment
was not available
The peel and pin-pull methods of adhesion tests are considered semiquantitative measures of adhesion. These techniques yield information that may be
used to compare the adhesion between various samples, but an absolute measure of
adhesion is not obtained. This test involves attaching a pin or wire to the deposited
film with epoxy, pulling the wire or pin at a known angle (usually 90° to ensure a
purely tensile load), with a constant force. The load required to separate the film from
the substrate is divided by the area over which the force acts to yield a comparative
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measure of the adhesion of film to the substrate. A eertain minimum adhesiveness of
the film to the substrate is fundamental for the test to be meaningful and the strength
of the epoxy must exeeed the adhesion strength of the film to the substrate. The pinpull test is also eommonly referred to as the dot-bend test. This teehnique was widely
reported, an example of implementation was a 185 mm brass stud bonded on 150 mm
etched copper dot, the stud is centered over the dot, and the stud pulled at a 90 degree
angle to the dot [25].
The sticky tape test, due to its simplicity, was employed as a first-go test of
adhesion in all cases during this work. The tape used was 3M Scotch Tape. In
addition, the ready availability of a Lloyds tensile tester enabled a pin-pull test to be
used to assess the adhesion of copper to the Suprasil glass used in this work. These
test procedures and results are described in detail in section 3.1.
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2. Substrate

Preparation

and

Characterisation

of

the

Deposition System
2.1. Substrate Contamination and Cleaning
The importance of the condition and the cleanliness of the substrate surface for
deposition were outlined previously. Clean surfaces can be considered to be either
atomically or technologically clean. An atomically clean surface, which may only be
achieved and maintained under high vacuum, may still contain a monolayer of
contaminating atoms or molecules. A technologically or practically clean surface is
one that has more than a monolayer of contamination, but contains no significant
amount of undesirable materials and contains no material that will affect the
processing or subsequent behaviour of the surface [29]. Bearing in mind that most of
the current work was performed under normal (non-cleanroom) laboratory conditions
a technologically clean surface was the objective. The adhesion of the copper film to
the glass surface, the pattern definition of the coil, and the uniformity of the film
dictated the importance of the condition and cleaning of the substrate. The effects of
any contaminant on the NMR experiment, in terms of a background signal, were
deemed to be of lesser importance at this juncture.
The semiconductor industry has been at the forefront in the advancement of
surface cleaning technologies and, while much of that technology is not relevant here,
the contamination found on the glass substrates to be used for coil formation was
regarded to be of the type found on semiconductor wafers prior to, and during,
processing. The classes of surface contaminants found on a substrate are varied.
Contamination can be in the form of adsorbed layers of gases or volatile organics, an
oxidation layer, or a layer of reaction by-products. Cleaning solutions may leave a
film on the surface, airborne particles may be deposited on the surface, processing
chambers may introduce contamination and etching solutions can also lead to ionic
contamination of surfaces. The effects of contaminants are not only to obscure pattern
formation and etching, but also to impair adhesion, form decomposition or reaction
products on further processing and to cause electrical and crystal defects.
The choice of cleaning technique employed in any processing application
depends on a number of factors: the nature of the surface, the thickness and durability
of the surface and, obviously, the nature of the contaminant. Some contaminants are
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effectively removed with solvent cleaning while others require acid or caustic etching;
others again are most effectively removed with plasma etching. The amount of the
contamination to be removed is important as prolonged exposure to chemicals, plasma
or high temperatures may damage or change the characteristics of previously
processed layers. The component design is also a controlling factor as the physical
dimensions and the nature of features already formed on a substrate determine the
type of cleaning technique that may be applied.
The variety of cleaning processes widely used in the semiconductor industry
can be divided into those that remove the contaminant without changing the surface
and those that remove a layer of the surface along with the contaminant. Selective
solvent cleaning, volatilization, oxidation, and emulsification are processes that can be
used to remove particles and contaminants without changing the surface of the
substrate. Chemical etching, plasma etching, electro-polishing and mechanical
abrasion remove both the contaminant and the surface to which it adheres.
The solvents commonly used for substrate cleaning are classified by the extent
of the intermolecular hydrogen bonding between the molecules. Solvents may be
divided into three classes as described below [29].
Weak Hydrogen Bonding
•

Heptane

•

Toluene

•

Trichloroethylene

Moderate Hydrogen Bonding
•

Acetone

•

N-Butylacetate

•

Cyclohexanone

Strong Hydrogen Bonding
•

Isopropyl Alcohol (IPA)

The overriding factors in determining a suitable cleaning procedure for this
work were the choice of substrate and the condition of the substrate as received. As
mentioned previously the substrate chosen was Suprasil glass. Time and exposure to

19

the atmosphere were assumed to result in contamination in the form of dust particles,
water or moisture and hydrocarbons. Contaminants on the glass as a result of the
manufacturing and packaging processes were assumed to consist of fingerprints and
organic grease due to handling, as well as airborne particles such as dust.
Consequently, bearing in mind the nature of the contamination, the cleaning
procedure considered most appropriate to this application was the type of basic
organic solvent clean used in the semiconductor industry prior to processing. It is
designed to remove any contaminants due to handling such as fingerprints,
hydrocarbons and water, and to remove any solid particles on the surface such as dust
without altering the surface. This cleaning procedure employs solvents from all three
classes of solvent outlined above and is detailed in appendix A. This procedure was
used in all cases prior to the sputtering of copper onto a flat glass substrate. Glass
tubes coated with a thin adhesion layer of SiOz were used as substrates in the latter
stages of coil development. In order to maintain the integrity of the Si02 layer these
substrates were not cleaned prior to sputter deposition, but were simply “blown off’
with compressed nitrogen immediately prior to loading into the vacuum system.
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2.2. System Description
The planar magnetron sputtering system used was a custom designed
assembly, which was donated to CIT by Intel Irl. Figure 2.1 below shows a schematic
diagram of the vacuum system. The chamber was a cylindrical stainless steel chamber
of inner diameter 380mm and 230mm height. The chamber was roughed to 10'^ Torr
by an ESDP30A Edwards Scroll pump (pump speed = 8.341s'' at 10'^ Torr), which
also provided backing for the turbomolecular pump used to achieve base pressure of
2x10'^ Torr. A Turbovac lOOOC Leybold turbomolecular vacuum pump (pump
speed.= 10001s'' at 10'^ Torr) was positioned directly below the chamber and isolated
from the chamber by a gate valve.

Figure 2.1. Schematic diagram of the vacuum system used for the sputtering of copper
onto glass. (The diagram is not drawn to scale).
A Convectron gauge and an Ionization gauge were used to monitor the
pressure in the chamber and the pressure on the backing line was monitored using a
second Convectron gauge. The pressure of the argon gas, which was used as the
plasma gas, was controlled manually by a needle valve and maintained at 4mTorr in

,0

A'

rv
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all cases. The DC power to the sputtering gun was supplied by an Advanced Energy
MDX-IK DC power supply.

Figure 2,2. Schematic diagram showing a cross-section of the sputtering system with
the standard 200mm diameter circular substrate holder. (The diagram is not drawn to
scale).
The chamber lid, with the substrate holder attached, opened by pneumatic
action on a hinge to allow access to the chamber. The US Gun II (SU-500) magnetron
sputter gun (50mm target diameter, 6.35mm target thickness) was positioned directly
opposite the substrate holder. The target to substrate distance could be varied between
130mm to 180mm and was fixed at approximately 140mm for the duration of this
work. The target to substrate distance was limited by the configuration of the
deposition system as at least 130mm separation was required for clearance between
the target and substrate holder when the chamber lid was opened or closed. Cooling
water to the gun and substrate (depending on the substrate configuration used) was
supplied by a Neslab Coolflow CFT-75 chiller with a cooling water pressure of 80psi
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maintained during operation. The standard circular substrate holder as shown in
Figure 2.2 was configured to hold flat substrates of various sizes up to 200mm
diameter. A cooling block was positioned directly behind the standard substrate holder
allowing cooling of all flat substrates. When using this standard substrate holder the
temperature at the substrate was monitored during sputtering using a K-type
thermocouple via a vacuum compatible thermocouple feed-through.

Figure 2.3 Schematic diagram showing a cross section view of the sputtering system
with the substrate holder for the manually rotated mask and tube assembly fitted. (The
diagram is not drawn to scale).
During the progression from planar coils to saddle coils a cooling block to
hold a cylindrical saddle coil mask was designed and fitted in the vacuum system.
This is shown schematically in Figure 2.3. (A photograph of the cooling block with a
mask inserted is shown in Figure 2.20). The mask was fitted down over the cylindrical
glass tube. This provided cooling to the mask and substrate while sputtering.
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Figure 2.4 Schematic diagram showing a plan view of the sputtering system with the
continuously rotated saddle coil maskfitted. (The diagram is not drawn to scale).
A third substrate configuration, allowing the sputtering of a coil onto rotating
cylindrical glass tubes, is shown in Figure 2.4. The cylindrical tube was fitted inside
the mask assembly, which was fitted to the shaft of a rotational motion feed-through.
It was not possible, due to the complexity of design, to cool the rotated substrate using
water-cooling. It was also not possible to monitor the temperature using the K-type
thermocouple. Instead a timer interlocked with the DC PSU for the sputtering gun
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allowed an on-off cycle to be implemented during sputtering of a rotated glass tubes.
Although the temperature of the rotated cylindrical glass substrate could not be
monitored the on-off cycle was used to ensure adequate cooling of the substrate (the
experimental basis for this on-off cycle is detailed in section 2.4).
A number of masks were used throughout this work for pattern definition on
various substrates such as 200mm glass plates, microscope glass slides and 6mm
cylindrical glass tubes. These masks are summarised in Table 2.1 below. The design,
manufacture and function of each mask are discussed in turn in the

following

sections.
Geometry /
Dimensions
Planar,
200mm diameter
Planar,
200mm diameter
Planar,
50mm X 50mm
Planar,
50mm X 50mm
Cylindrical,
0.5mm thick
Cylindrical,
1mm thick
Cylindrical,
2mm thick
Cylindrical,
12mm thick

Mask ID

Material

Purpose of Pattern
Formed
Stylus profiling
(5 lines)
Adhesion experiments
(33 discs)
First planar coil
(2 sections)
Second planar coil
(4 sections - reduced )

Refer
to
Figure

Pl(200)Lines

SS

2.5

Pl(200)Discs

SS

Pl(50)Coil

SS

Pl(50)Coil(Reduced)

SS

Cy(0.5)Coil

SS

Saddle coil

-

Cy(1.0)Coil

SS

Saddle coil

2.19

Cy(2.0)Coil

SS

Saddle coil

2.20
3.15

Cy(12)Coil(Al)

Al

Saddle coil

3.16

3.1
3.10
3.12

Table 2.1 Summary of the various mask used for copper pattern definition by
magnetron sputtering.(SS = stainless steel, Al = Aluminium)
The system had been received at CIT with two US Gun II (SU-500) sputtering
guns. During early stages of this work both the US Gun II (SU-500) magnetron sputter
guns failed due to over heating. These were replaced with an upgraded model, the
MAK II (50mm target diameter, 6.35mm target thickness) magnetron sputtering gun,
which offered far superior control of the target temperature during sputtering (see
section 2.4). This was important as the subsequent deposition times for cylindrical
saddle coils was approximately 8 hours sputtering. The MAK II was of similar
dimensions to the US Gun II and quite similar with regard to operation and
operational parameters.
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2.3. Deposition Rate Characterisation
The ultimate goal of this work was to produce saddle coils of varying
thickness on 6mm diameter cylindrical glass tubes. Because the substrates could be
positioned within a region of 200mm diameter the possibility of sputtering a number
of coils simultaneously was considered. In the absence of dynamic monitoring, and to
eliminate the need for repeated thickness measurement, it was important that the
deposition rate, the reproducibility of same and the spatial variation of the deposition
rate across the entire substrate be investigated. To measure the thickness of the
deposited film two techniques were used: stylus profiling and measurement of the
sheet resistance of the thin film. Due to the unsuitability of the cylindrical glass tubes
used for coil formation, flat glass substrates were used for the purpose of deposition
rate analysis. Preliminary analysis of the deposition rate was carried out using a
Tencor stylus profiler at the Tyndall Institute, Cork. Measurement of the sheet
resistance was performed using a KLA Tencor Instruments Omnimap, which was
available at CIT.

200mm

Figure 2.5. Schematic diagram of mask Pl(200)Lines. This mask was used to form the
copper pattern for stylus profding. (The diagram is not drawn to scale).
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The deposition rate of copper for the sputtering system was completely
unknown (the system had been used for the deposition of aluminium onto Silicon by
Intel). An estimated deposition rate of 0.24pm/min was specified by the
manufacturers, US Incorporated, for the US Gun II magnetron sputtering gun with the
following parameters; target to substrate separation distance of 76mm, in argon at
SmTorr, 500W power, 50.8mm diameter and 6.35mm thick copper target. The
parameters in this work were somewhat different with target to substrate distance of
140mm, in argon at 4mTorr, 200W power, 50mm diameter and 6.35mm thick copper
target.
A diagram of the mask used in the formation of the test patterns for stylus
profiling is shown in Figure 2.5. The substrates used were 76 x 26 x 1mm polished
Suprasil and roughened Suprasil glass slides with Ra = 2pm. Each substrate was
cleaned according to the standard cleaning procedure as described in appendix A.
Standard deposition parameters were maintained for each sputter: base pressure of
below 3x10'^ Torr, plasma pressure of 4mTorr in argon and DC power of 200W.
Deposition times were 15, 20, 50 and 170 minutes. Cooling water was used and the
temperature at the substrate monitored in all cases. It is worth noting that these
samples were positioned within a 40mm radius of the center of the substrate holder.
15

25

50

170

(pm) (Scan 1)

0.630

1.21

2.11

7.680

(pm) (Scan 2)

0.535

1.030

1.755

8.835

0.5825

1.1225

1.935

1.2575

0.0388

0.0449

0.0387

0.0426

Sputter Time

(mins)

Cu thickness
Cu thickness

Mean Thickness (pm)
Deposition Rate

(pm/min)

Table 2.2. Thickness measurement of sputtered copper on polished Suprasil glass, as
measured by a Tencor Surface Profiler. In Scan 1 the stylus was allowed to drop from
the surface of the Cu down the step to the substrate and in scan 2 the stylus travelled
from the substrate up the step to the Cu surface.
From the measurements of copper thickness (summarised in Table 2.2) a mean
deposition rate of (0.042±0.003)pm/min (the error quoted in all cases is the standard
deviation on the mean) was calculated. This rate was then verified further by sheet
resistance measurement.
Measurement of the sheet resistance, Rg, of a thin film is commonly employed
in the semiconductor industry as a method of assessing the deposited thickness of thin
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films of metal. Assuming the resistivity of a thin film of copper to be equal to the bulk
resistivity, the thickness of a thin film of copper may be calculated from the measured
sheet resistance. See appendix D for a detailed discussion of the measurement of sheet
resistance by the four probe method. A Tencor Prometrix Omnimap system which had
been recently installed and characterised was available in-house for this purpose. A
Silicon wafer sputter coated with Ipm aluminium was supplied by the Tyndall,
Institute for the purpose of verifying the accuracy of the Omnimap system (the
Tyndall Institute was unable to supply a wafer coated with copper). The sheet
resistance of the aluminium film was measured and compared with the data supplied
by the Tyndall Institute. Good agreement was observed between the two measurement
systems as shown in table 2.3 below.

Mean Sheet Resistance

Tyndall Institute

CIT

2.99x10'^

3.00x10-^

0.07x10'^

0.07x10'^

(O/SQ)

Std Dev
Max Sheet resistance

(D/SQ)

3.18 xlO'^

3.21x10-^

Min Sheet resistance

(D/SQ)

2.91 xlO'^

2.89x10'^

Table 2.3. The sheet resistance of an aluminium coated wafer as measured at the
Tyndall Institute and at CIT
To utilize the Omnimap system in the measurement of the deposited thickness
Q

of copper, as opposed to aluminium, the bulk resistivity of copper (1.7x10' Qm) was
substituted for that of aluminium. To facilitate analysis of the entire substrate area
glass plates of 200mm diameter were chosen as substrates for sheet resistance
measurement. These substrates were standard glass, sourced locally and cut to 2mm
thickness. The glass plates were washed in soapy water to remove dust and grease and
were then cleaned according to the solvent cleaning procedure for glass plates as
described in appendix A. The glass plate was unmasked during sputtering. Deposition
times were lOmins, 20mins 30mins and 60mins at standard operating parameters. A
contour map of the copper thickness at 625 test sites across the copper surface was
produced by measurement of the sheet resistance and calculation of the thickness. The
sheet resistance at each site for a sample 60 minute sputter and the corresponding
thicknesses are given in appendix C. A contour map for a 60 minute sputter is shown
in Figure 2.6 below.
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The recorded data is summarised in the Table 2.4. (It was found that the
thickness of copper achieved in 10 minutes of sputtering was insufficient to allow
measurement of the sheet resistance, the table summarises the data for the 20, 30, 60
and 65 minute sputters). The mean thickness given above was the mean thickness
calculated taking the maximum and minimum values over the entire 200mm diameter
substrate. The mean deposition rate for all five samples over the entire substrate area
was (0.029±0.01 l)pm/min. This value is considerably less than the value of
(0.042±0.003)pm/min as measured using the stylus profiler, which was however
calculated using samples centered in the substrate holder (within the region ±40mm
from the centre). On examination of the raw data from the Omnimap sheet resistance
measurements, considerable variation in the sheet resistance was observed as the
distance from the centre of the substrate increased. The low values and the obvious
inconsistency in those values highlighted a need to re-examine the data with respect to
the location of the test site on the substrate. Given that the deposition rate as
calculated using the Tencor Stylus Profiler was calculated with samples positioned at
the centre or within a 40mm radius of the centre, the Omnimap data was analysed to
evaluate the deposited thickness, and hence the deposition rate, at the centre and at
points ±25mm and ±40mm from the centre of the substrate. This data is presented in
Table 2.4.
Deposition
Time

Predicted
Thickness

Max
Thickness

Minimum
Thickness

Mean
thickness

20
30
30
60
65

(pm)
0.082
1.23
1.23
2.46
2.67

(pm)
0.52
1.2
1.06
2.56
3.44

(pm)
0.176
0.354
0.204
1.787
2.46

(pm)
0.3839
0.8217
0.6649
2.1735
2.975

Mean
Deposition
Rate
(pm/min)
0.019
0.027
0.022
0.036
0.045

Table 2.4. The mean deposition rate as calculated from the measurement of the sheet
resistance of copper sputtered onto 200mm diameter circular glass plates, measured
using the Tencor Omnimap system. The deposition rate was calculated from the mean
thickness across the entire 200mm diameter.
Given the relatively large area of the substrate holder and the relatively small
size of the coils, the sputtering of several coils simultaneously was anticipated,
however the viability of this was governed by the uniformity of the deposited
thickness over the entire 200mm substrate region.

30

20

30

30

60

65

Mean Deposition
Rate

0.026

0.04

0.035

0.043

0.053

0.03910.010

Deposition Rate @ Centre
0.0249
(pm/min)

0.0371

0.0334

0.0395

0.0500

0.037±0.009

Deposition Rate@ ±25mm
0.0245
of centre (pm/min)

0.0354

0.0315

0.0374

0.0468

0.0351±0.008

Deposition Rate@ ±40mm
0.0239
of centre (pm/min)

0.0338

0.0301

0.0356

0.0472

0.0341 ±0.009

Deposition Time (mins)
Deposition Rate @ max
thickness (pm/min)

Table 2.5. Deposition rate as calculated from measurement of the sheet resistance of
copper sputtered onto 200mm glass plates, measured using the Tencor Omnimap
system. The deposition rate was calculated at specific points across the 200mm
diameter substrate.
The deposition rates shown in Table 2.4 are, much more consistent than those
shown in Table 2.3. The uniformity of the observed deposition rate at points within
±40mm of the center of the substrate is clearly apparent from the data. It can be
concluded that while the observed deposition rates in Table 2.5 did not agree exactly
with the previously calculated deposition rate , as calculated by stylus profiling, they
were in reasonable agreement with that value (0.041 ±0.003 pm/min).
To further verify this optimum deposition area a graph showing the depth of
copper against the location of the test site across the wafer was drawn for a number of
sputter times and is shown in Figure 2.7 below. A number of conclusions may be
drawn from the graph.
•

The position of maximum deposition does not coincide with the centre of the
substrate (100mm); instead this occurs at 120mm.

•

Within the region 120±40mm there was considerable uniformity in the
deposited copper thickness.

•

Outside this region the deposited thickness decreased.

•

There was considerable reduction (approximately 30% at the edges) in
deposited thickness as the distance from the centre of the substrate increased.

•

The optimum area for deposition was then 120±40mm which excluded the
possibility of depositing multiple coils simultaneously.
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Thickness of Deposited Copper

Figure 2.7. Thickness of copper as measured at a number ofpoints across the centre
of each Omnimap test sample.
During the course of the work a Lab View program was developed by a
colleague to facilitate analysis of the data from the Omnimap system. Using the
program it was possible to extrapolate the thickness at any location on the substrate.
The front panel of this program is shown in Figure 2.8. The data shown refers to a 60
minute sputter.
Name of Creator

Minimum Thickness

ELEANOR BALDWIN

|3.485e+003

Measurement System
PROMETRIX RS55/tc

A

Mean Thickness
|6.915e+003

A

Number of Data Points in the Test Maximum Thickness
625

|l.037e+004

A

Date of Test

Standard Deviation

Apr 27, 2001

2.383e+001 %

Time of Test
RETURN TO
3D PLOT

16:28

Figure 2.8. Front panel of a Lab View program used to analyse deposition thickness
data from the Tencor Omnimap system

32

Figure 2.9. 3D map of the sputtered Copper on a 200mm glass substrate showing the
uniformity of the deposited copper (60 minute sputter).
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Figure 2.10. The vertical and horizontal cross sections of the copper film showing the
thickness of the copper in the central region
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The 3D contour map in Figure 2.9 clearly shows the uniformity of the
deposited thickness of copper in the central region of the substrate. Figure 2.10 shows
the vertical and horizontal cross-section profiles of the deposited copper, again clearly
indicating the uniformity of the deposited copper in the region ±40mm from the
centre. The intensity map Figure 2.11 again confirms the uniformity of the deposited
thickness in the central region in question. In each of the figures (2.9-2.11) above a
“ring” of varying thickness features outside the 100±40mm region (this is also
apparent in figure 2.6 for the 65 minute sputter). This “ring” appears to consists of
peaks and troughs in the deposited film either from uneven deposition or arising from
artifacts of the Omnimap measurement system. As this region is outside the uniform
central region of interest it was not investigated further and no explanation is
proposed.
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Figure 2.11. Intensity map of sputtered copper showing the thickness at the centre of
the 200mm diameter substrate
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The deposition rate (0.042±0.003)pm/min as calculated from measurements
perfoimed at The T>Tidall National Institute was considered to be closest to the true
value as the Tencor Stylus Profiler used there has an accuracy of (±0.0015)pm and
was regularly calibrated to guarantee accuracy. However, despite this, it was still
considered that the Omnimap measurement system, coupled with the LabView
analysis program, provided a reasonable assessment of the deposited thickness and
hence the deposition rate. Furthermore the optimum deposition area so as to ensure
uniformity of the deposited thickness was determined to be within ±40mm of the
centre of the substrate holder.
Subsequent to this initial deposition rate characterisation, due to the failure of
the magnetron sputtering gun, the US sputtering gun was replaced with a MAK II
sputtering gun. Using the methodology outlined above a number of 30, 60 and 90
minute sputters were performed after installation of the new gun. These were then
analysed using the Tencor Omnimap system and the LabView program described
above to establish the deposition rate. The substrate to target distance was varied
slightly to achieve a deposition rate of approximately 0.04p,m/min.
During the course of this work the deposition rate was verified on a regular
basis. Each time a new copper target was fitted to the sputtering gun a target bum-in
sputter of 60 minutes was carried out. The sheet resistance resulting from this 60
minute sputter was measured and the deposition rate verified. Furthermore, after any
maintenance to the sputtering system the deposition rate was verified by the
methodology detailed above. Such maintenance procedures included routine cleaning
of the chamber to remove the build-up of copper on the chamber walls and surfaces
and removal and refitting of the sputtering gun. The sputtering gun was removed in
the event of a cooling water leak or failure of the gun to strike a plasma. The strip
down of the entire system due to the failure of the turbomolecular pump also
necessitated verification of the deposition rate once rebuilt. Deviation in the
deposition rate was observed only after maintenance which specifically required the
removal of the sputtering gun. Variation of the target to substrate distance was only
required in such instances.
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2.4. The Temperature at the Target and the Substrate
2.4.1 Introduction
As discussed in chapter 1, processing variables such as the deposition rate, the
substrate temperature and the working pressure are known to affect the growth and
formation of a sputter deposited film of metal. The substrate temperature in particular
affects not only the film characteristics but also the thickness of the film [10]. While it
was not proposed to carry out detailed analysis of the deposited film on an atomic
scale, consistency in the deposited film was considered important for the successful
operation of the RF coils. It was hoped to achieve this through constancy of the
deposition parameters. Parameters such as the working gas (argon) pressure, the base
pressure, the deposition rate and the applied power were chosen to be comparable with
those published in literature and were held constant throughout the work.
The temperatures at the target and the substrate during deposition were initially
unknown as the deposition system was new to the Department. These temperatures
were investigated primarily to maintain a constant temperature during deposition so as
to maximise the repeatability and consistency of the deposited film. The temperature
at the substrate was deemed to be particularly important in this regard. In addition to
the issues of repeatability and consistency the target temperature was monitored so as
to ensure the safe and consistent operation of the sputtering gun. Furthermore, the
fragile nature of the final substrates (0.6 mm thick cylindrical glass tubes) indicated
possible restrictions on the maximum temperature to which the substrates could be
exposed: shattering the glass during sputtering due to exposure to excessive
temperatures or thermal shock needed to be avoided. With a sputtering rate of
0.04pm/min it was anticipated that considerable heating would occur within the
chamber during the time (4-8 hours) required to deposit a film of the targeted 1020pm thickness.
A K-type Kapton coated, twisted pair, thermocouple wire (0.25 mm diameter)
was chosen as a temperature probe. K-type thermocouples offer an operating
temperature range of -200®C to 1250°C. Kapton coating is a vacuum compatible
proprietary coating which thermally and electrically insulates the wire. The thin
diameter of the wire and the strength of the protective Kapton coating ensured that the
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wire could be moved freely within the chamber without risk of breaking or loss of
contact with the surface to be probed. This was particularly important as the substrate
holder which was attached to the chamber lid, was moved on opening or closing the
chamber. A K-type thermocouple vacuum feed-through was used to relay the
thermocouple signal to a Thurlby Thandar Instruments 1906 Computing Multimeter.
The thermocouple and subsequently the thermocouple and feed-through
assembly as a unit, were calibrated against a standard before use in the vacuum
chamber. Calibration was carried out in the laboratory using a heating block and two
Thurlby Thandar Instruments 1906 Computing Multimeters with an accuracy of
<5pV. A Calibration graph of Temperature in degrees Celsius against the corrected
thermocouple emf signal in mV is shown in Figure 2.12. The thermocouple signal was
corrected to compensate for a room temperature reference junction. From the graph a
relationship between the corrected thermocouple emf and the temperature was
calculated and used to program the data acquisition program in Lab View. The
relationship was given as
T = 24.608F-0.2403

(2.2)

Where T is the temperature in degrees Celsius, and V is the emf voltage in mV.

Figure 2A2 Calibration curve for K type thermocouple and feed-through
combination.
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The thermocouple and feed-through were then installed in the vacuum
chamber with the thermocouple junction located on the target holder, which was
electrically insulated from the copper target (as shown in Figure 2.13). It was not
possible to mount the thermocouple junction on the target itself as the high voltage of
the target would most likely mask the very small emf signal (<0.1mV) generated by
the thermocouple. Also it was not possible to strike a plasma if the thermocouple was
in contact with the target. The thermocouple junction was positioned 10mm from the
target (see Figure 2.13). It was accepted that locating the probe this short distance
(10mm) from the target would not measure the exact temperature of the target surface
but would yield a reasonable approximation to the target temperature. Care was taken
to ensure that the thermocouple junction was not coated during the sputtering process
to prevent erroneous readings.

Figure 2.13. Schematic diagram of the cross section of the sputtering chamber
showing the position of the thermocouple probe on the target holder. (The diagram is
not drawn to scale).

38

A Lab View program was written to calculate the temperature, and display the
temperature on a graph updating every second. The front panel and diagram of this
Lab View program are shown in Appendix E. However it was subsequently found that
it was not possible to reliably read the emf signal of the thermocouple using Lab View
as a random offset occurred on striking a plasma. Despite using a high accuracy data
acquisition card with differential input and a shielded cable the problem was not
solved As a result the data from the temperature measurements presented in the next
section was recorded manually using a Thurlby Thandar Instruments 1906 Computing
Multimeter.
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2.4.2 The Temperature at the Target
To investigate the effectiveness of the cooling water the sputtering gun was
operated for 5 minute sputters without cooling water initially so that the temp rise
could be observed. Then with the cooling water turned on, which is the normal
operating mode, the temperature rise for a number of longer sputters was observed.
Standard operating parameters were maintained throughout.
Temperature at the Target during Sputtering of Copper

Start Sputter

End Sputter

Figure 2.14 Temperature rise observed at the target during a number offive minute
sputters, cooling water was not used. Two of the sputters were started at room
temperature while the third was started with the target at an elevated temperature
(41^C). Note that the temperature continued to rise for a further minute after the
plasma had been turned off
Figure 2.14 shows the observed temperature rise at the target for a number of
sputters of 5 minute duration. From the graphs it can be seen that in general for the
first 4 minutes of each sputter the temperature remains constant. As the thermocouple
is located on the target holder, 10mm from the target, a time lag is expected before the
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sputtering at the target will cause the temperature at the target holder to rise. As
sputtering continues the target heats up with the temperature as Pleasured at the target
holder beginning to rise in the 5 minutes of sputtering. The temperature at the target
holder continued to rise despite the fact that the plasma had been turned off after 5
minutes. It was concluded that this effect is due to a thermal lag between the target
holder and the target. Ceramic spacers electrically insulate the two surfaces from each
other and therefore heat transfer between the two may be delayed and possibly
reduced. If the sputtering were to continue one would expect continued heating on the
target, particularly without the use of cooling water, this would cause considerable
damage to the sputtering gun. With the vacuum system vented the time taken for the
target to cool down after these 5 minute sputters was observed and the data also
displayed in Figure 2.14.

Temperature At Target Prolonged Sputters

Figure 2,15 Temperature rise observed at the target during a number of prolonged
sputters (20 minute, 50 minute and 170 minute). Cooling water was used.
The increase in temperature at the target for three prolonged sputters of 20, 50,
and 170 minutes is shown in Figure 2.15. Cooling water was used during, and after,
these sputters. Of particular interest are the relatively moderate temperature rise as
well as the decrease in the rate of temperature rise during a relatively long sputter time
of 170 minutes. This suggested that longer sputtering times of approximately 8 hours
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to achieve film thickness of approximately 20p,m were feasible without the potential
for damage to the target due to over heating. Figure 2.15 also shows the observ'ed cool
down of the target after sputtering with the pressure maintained at 4 mTorr in argon. A
cool down rate of 0.14”C/min was estimated from the graph, rapid cool down was not
expected at a pressure of 4mTorr as the molecular activity required for rapid heat
transfer was not present at this redueed pressure.

Temperature at Target during Sputtering of Copper
(MAK II magnetron sputtering Gun)

Figure 2.16 The temperature rise observed at the target during a 120 minute sputter
using the MAK II sputtering gun. Cooling water was used.
Subsequent to this work the first US gun failed due to overheating as a result
of a cooling water leak, the US gun was then replaced by a MAK II magnetron
sputtering gun. With the thermocouple probe located on the target holder at a similar
distance from the target as previously used, the temperature at the target of this
upgraded model was investigated. It was found that the control of the temperature at
the target was far superior to that previously observed. The temperature at the target
with cooling water turned on remained at 19°C throughout sputtering regardless of the
sputter duration as can be seen in Figure 2.16.
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2.4.3 The Temperature at the Substrate
The Standard Substrate Holder
With the 200mm diameter standard substrate holder in plaee the temperature at
the substrate during sputtering was investigated. When sputtering with the standard
substrate holder the cooling water to the substrate was used at all times. Three
substrate configurations were explored;
•

A 200mm diameter circular glass plate, (2mm thickness), with no mask fitted.

•

A 200mm diameter circular glass plate, (2mm thickness), with a stainless steel
mask Pl(200)Discs in place (see Table 2.1 for summary of masks).

•

Microscope glass slides, (2mm thickness), with a stainless steel mask
Pl(200)Discs in place.

Figure 2.17 Schematic diagram showing the position of the thermocouple probe at the
substrate during sputtering. (The diagram is not to scale).
Position 1
Thermocouple probe directly behind the glass substrate (plate or
slides).
Position 2
Thermocouple probe behind the backing plate.
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prolonged sputters.
Curve

Thermocouple

Mask

Substrate

Max Temperature /

Number

Position

1

1

None

200mm glass plate

107°C/50mins

2

2

None

200mm glass plate

62”C / 45 mins

3

2

None

None (backing plate)

99°C / 60 mins

4

1

Pl(200)Discs

Glass slides

65°C / 30 mins

5

1

Pl(200)Discs

Glass slides

88°C / 60 mins

Sputter Time

Table 2.6 Summary of the configurations used in measuring the temperature at the
substrate during sputtering.
It was expected that the temperature measured behind the backing plate would
be less than that measured directly behind the glass substrate. This is because the
backing plate was not directly exposed to the sputtered atoms and was in direct
contact with the cooling block. This is borne out by the difference in the maximum
temperatures reached in curves 1 and 2. It was expected that the cooling block would
be quite effective at transferring heat away from the conductive backing plate thus
reducing the maximum temperature reached. The difference in the maximum
temperature reached and the steeper slope in curve 1 as compared to curve 3 also
verifies this.
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When a stainless steel mask was used for pattern formation on the glass
substrate, a limited area of each glass substrate was exposed to the plasma and the
sputtered species so that the heating effect of sputtering was expected to be less than
that experienced by a glass plate without a mask. The mask was also in thermal
contact with the sides of the substrate holder thus allowing the conduction of heat
away from the surface of the glass. The lower maximum temperatures reached in
curves 4 and 5 confirm this.
From the experimentation it was observed that the maximum temperature
measured behind a glass substrate was 115^C after 40 minutes of continuous
sputtering with the cooling water operational. Given this relatively moderate
temperature rise it was concluded that when sputtering onto plane glass the cooling
mechanism was adequate and a substrate could be sputtered continuously for a
number of hours, particularly if a stainless steel mask was used as would be the case
in the deposition of a coil.
The Specialised Substrate holders

Figure 2.19 The second stainless steel mask: mask Cy(1.0)Coil. The mask was
designed to slip down over the glass tube of outer diameter 6mm. The inner diameter
of the mask was 6.2mm and the thickness of the mask was 0.9mm.
On progression from planar coils on flat substrates to saddle coils on
cylindrical glass tubes a number of stainless steel and aluminium masks were
explored, the details of which will be given in Chapter 3. The second of these stainless
steel masks is shown in Figure 2.19. A custom designed cooling block, shown in
Figure 2.20, was fitted in place of the standard substrate holder to facilitate this saddle
coil mask. The mask was designed to slip down over the tube with minimum
separation and the assembly was then supported in the cooling block. With the
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thermocouple probe positioned inside the tube and in contact with the glass the
temperature inside the glass tubes was observed during sputtering.

Cooling water

Mask with Tube
inserted

75mm

Figure 2.20 Custom designed cooling block for use with a manually rotated stainless
steel mask and tube. The third stainless steel mask (Cy(2.0)Coil) with inner diameter
6.2mm and 2mm thickness of mask is shown mounted.
Figure 2.21 below shows the variation in temperature observed at the inner
front face of the tubes with the stainless steel mask in place during sputtering of
copper to form a coil. Apart from the deposition time all parameters were as standard
and the cooling water to the block was operational. The temperature was observed to
rise to 200®C in 30 minutes. After 20 minutes sputtering was stopped and the system
was allowed to cool in argon at SxlO'^Torr for 10 minutes. (Allowing the pressure to
rise more than this would have necessitated turning off the vacuum pumps. This was
undesirable as it would have increased the time required to pump down to the process
pressure when the cooling period had elapsed). During this time the temperature, as
measured by the thermocouple, dropped to approximately room temperature. A series
of such 30 minute sputters followed by 10 minutes cooling were carried out on the
sample then the system was vented and the sample and mask rotated manually and the
sputtering resumed (this involved a series of 30 minutes sputters on the second “face”
of the substrate). The data in Figure 2.12 suggests that adequate control of the
substrate temperature was achievable using an appropriate duty cycle involving
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repetitive sputters interspersed with a periods of cooling. However due to poor line
definition of the deposited coil and the need for manual rotation of the sample this
type of mask and cooling block assembly was not satisfactory and was not
investigated further. The recorded temperature data was however later used in
devising a cooling mechanism for the subsequent and final mask.

Figure 2.21 Temperature observed at the inner front face of the glass tubes with the
mask in place during sputtering of copper to form a coil. The coil was sputtered for
180 minutes then the system vented and the/mask/coil assembly rotated.
The final mask used in the formation of saddle coils was designed to rotate
continuously which, unfortunately, could not be configured with cooling water (see
Chapter 3 for details of this mask). Continuous rotation of the tube and mask also
prevented monitoring of the temperature using the thermocouple temperature probe.
The final mask Cy(12)Coil(Al), made from aluminium, is shown in Figure 3.16. It
was manufactured in three component parts and was designed to clip securely around
the cylindrical glass tube. In addition to the relatively large financial cost of the glass
tubes and the limited number of tubes available for use, damage to the mask with
prolonged sputtering and repeated used prevented detailed investigation of the
temperature rise with sputter time. It was assumed, since the mask geometries were
similar that the temperature would rise in a comparable manner using this aluminium
mask as previously observed using the stainless steel masks, therefore an on/off duty
cycle based on the previously observed temperature rise was adopted. A temperature
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of 150“C had been observed within 10 minutes for the first mask in the custom
designed cooling block thus for the final saddle coil mask, a cycle of 10 minutes of
sputtering followed by 10 minutes of cooling at 5x10" Torr in argon was adopted. The
argon pressure had been increased to facilitate more effective cooling. This was hoped
to provide sufficient cooling of the substrate to prevent any damage to the substrate
due to exposure to excessive temperatures and due to any thermal expansion of the
close fitting mask. It was also hoped to ensure uniformity in the deposition process
with respect to the substrate temperature, thereby maintaining some constancy in the
characteristics of the deposited copper film. For this reason all subsequent coils were
sputtered using this duty cycle.
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3.

Optimisation of Adhesion and Coil Development

3.1 Adhesion Experiments and Results
The substrate chosen at the outset of this work was roughened Suprasil glass
(Ra = 2pm). It was envisaged that the roughened glass would facilitate mechanical
interlocking between the sputtered copper and the glass surface, thus ensuring good
adhesion. In order to quantify this adhesion an experimental method to measure the
adhesion of copper to the chosen glass substrates was developed. This was also hoped
to provide a means of comparing the adhesion of copper to Suprasil glass with the
adhesion to alternative substrates such as polished glass and glass coated with Si02.
Adhesion testing as reported in the literature is problematic and values are
subject to a wide variation dependent on the techniques employed. On review of the
common adhesion measurement techniques described in the literature, (as discussed in
section 1.5.1), and due to the availability of a Lloyds tensile tester, a pin-pull adhesion
test was developed. A pin-pull test involves bonding a pin or stud to the surface of the
film to be tested. The pin is then pulled at a constant angle, usually 90^ until the film
is separated from the substrate surface. The force at which separation occurs (in
• •
.2
Newtons) divided by the area (in m ) over which the force is applied yields a measure
of adhesion in Pascals.
The glass substrate dimensions chosen for the adhesion tests were 76mm x
26mm x 1mm. The substrate was either roughened (Ra = 2pm) Suprasil or polished
Suprasil glass slides. A mask, which would allow deposition onto eleven test slides
simultaneously was designed and manufactured from AISI 302 (2.4mm thick, 200mm
diameter) stainless steel. The mask was used to deposit three 8 mm diameter copper
discs onto each of the eleven glass slides, thus yielding thirty three test sites per batch.
A schematic diagram of the mask is shown in Figure 3.1 and the arrangement of the
slides behind the mask is shown in Figure 3.2. Before sputtering the glass slides were
cleaned according to the standard cleaning procedure as detailed in appendix A.
Sputtering conditions for all batches were as standard with a deposition time of 365
minutes to give an estimated 15 pm of copper. As substrates were mounted on the
200mm diameter standard substrate holder cooling water could be used (the substrate
was not rotated). Monitoring of the substrate ensured the substrate temperature did not
exceed 150°C.
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Figure 3.1 Schematic diagram of the mask used to form copper discs for adhesion
testing. (The diagram is not to scale).
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Figure 3.2 (a) Shows the arrangement of the 11 slides on the substrate holder for
preparation of adhesion test samples, (b) shows the positions of the test site (a, b, c)
on each slide. (The diagram is not to scale).
After deposition a sticky tape assessment of the adhesion of copper on a
number of test slides showed good adhesion of the copper to roughened glass, with
only a very faint layer of copper removed, and quite poor adhesion of copper to the
polished glass with almost all of the copper discs removed. While the sticky tape test
is qualitative it clearly demonstrated the effectiveness of the mechanical interlocking
between the sputtered copper and the roughened glass surface.
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The test pins were attached to the discs immediately after deposition to
minimize oxide growth on the copper surface and at least 12 hours cure time was
allowed. The epoxy chosen was Superglue Gel; the thicker gel consistency was hoped
to prevent the glue seeping through the copper surface. Araldite Rapid epoxy was also
tested however the bond time was found to be in excess of 24 hours and not suitable
for the application.

Sputtered Copper
disc
Adjustable
screw

Support for slide

Support jig
for test slide

Glass slide
substrate

^7mm ^
8inm

Figure 3.3. Schematic diagram of the end view of a test slide with a pin bonded to the
copper disc loaded in the support jig. (Diagram is not to scale).
Mild machinable steel pins of 7mm pinhead diameter with 5mm diameter shaft
and 70mm shaft length were used (Figure 3.3 shows a schematic diagram of the pins
attached and Figure 3.4 shows test samples before and after testing). The pin was
bonded to the test area by applying a small amount of epoxy to the head of the pin and
carefully placing the pin on the copper disc, taking care to centre it and ensuring that
the pin was vertical. Extra pressure was not applied to the bond, with only the weight
of the pin as the bonding pressure. The epoxy was allowed to cure overnight, with
testing performed within 24 hours in all cases. Figure 3.5(a) shows the Lloyds tensile
tester used in adhesion testing and Figure 3.5(b) shows the custom designed jig with a
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slide mounted. The jig was designed to accommodate the test slide with three pins
attached and to hold the slide firmly in place. It also provided support to the glass
around the discs during application of the tensile load in order to prevent cracking of
the glass. The upper gripper of the tester was then lowered around one pin and the
automated test performed. It was essential to ensure, as much as possible, that the
pulling force applied to the pin was purely tensile and that no shear force was applied.
This required accurate placement and alignment of the pin onto the substrate, and
careful placement of the upper gripper around the pin.

Figure 3.4. Adhesion test samples before testing with pins attached (left) and after
testing (right).
Prior to measurement of the adhesion of copper with polished or roughened
glass a control batch was tested whereby pins were fixed directly to polished glass
with epoxy and tested to ascertain the load required to pull the pin from the glass i.e.
to break the glue bond. In the Table 3.1 below the adhesion was calculated as the
maximum applied load i.e. the force, divided by the area over which the force is
applied. From the table it can be seen that in most cases the glass shattered due to the
applied load while the pin remained fixed to the glass, thus the strength of the epoxy
was considered to be more than adequate for the application.
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Figure 3.5. (a) The custom designed testing jig, (b) the Lloyds Tensile Tester as used
for adhesion experiments with test samples loaded.
Sample
Number
1
2
3
4
5
6
7
8
9
10
11

Maximum
Load (N)
89.00
54.30
95.06
72.40
53.90
91.10
13.48
97.8
58.70
78.90
43.56

Max load/ area
(MPa)
3.145
1.919
3.357
2.558
1.905
3.219
4.763
3.456
2.074
2.791
1.541

Condition
Glass shattered
Glue/pin fail, shear stress on pin
Glue/pin fail, glue still tacky.
Glass shattered
Glass shattered
Glass shattered
Pin pulled from glass
Pin pulled from glass
Glass shattered
Glass shattered
Glass shattered

Table 3.1 Adhesion of pins to standard glass slides. The pins were bonded directly
onto standard glass slides.
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A pull speed of lOmm/min using the SOON load cell was set on the tensile
tester. The applied load and the measured extension were recorded and plotted as in
Figure 3.6 (the data for this sample graph is included in Appendix F). The maximum
tensile load reached was taken as the point when the copper to glass bond was broken.
This was the force required to lift the copper from the glass (in Newtons). The area
over which the force is applied is 3.8x10'^m^. Where there was obvious deviation
from a purely tensile load, where the glass may have shattered, or where there was any
deviation from the standard experiment (e.g. due to misplacement of the pin) the
results were excluded. Typically this affected 3-6 test sites in a batch. The adhesion
was calculated for each test site, and the data for each batch represented on a
histogram.

Figure 3.6 Graph showing the force required to remove a pin from site 2(b) on batch
29/03/01
Figure 3.7 shows the frequency of occurrence of maximum adhesion values for
three batches of copper sputtered onto roughened Suprasil glass (the data is included
in Appendix F. The mean adhesion for each batch is summarised in Table 3.2. These
values are in reasonable agreement with each other and were assumed to be a
reasonable quantitative estimate of the adhesion of sputtered copper to roughened
Suprasil glass.
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Adhesion of Copper to Roughened Suprasil Glass

26/04/2001
29/03/2001
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Figure 3.7 Histogram showing the results for adhesion measurement for sputtered
copper on roughened Suprasil glass

Adhesion of Copper to Polished Suprasil Glass

Figure 3.8 Histogram showing the results for adhesion measurement for sputtered
copper on roughened Suprasil
In order to compare the observed adhesion of copper to a roughened surface
with the adhesion of copper to a polished surface subsequent samples were prepared

55

using polished Suprasil slides. The cleaning, deposition and test conditions were
identical to those previously described. The histogram in Figure 3.8 above shows the
variation in adhesion as observed for the two batches of copper sputtered onto
polished glass (04/05/01, 16/06/01). For the polished glass, in many cases the full 8
mm copper disc was removed from the glass. An audible crack accompanied the
removal of the disc in some cases. For about 10% of samples tested the glass shattered
when tested.
Batch Number

Suprasil Substrate

Mean Adhesion (MPa)

29/03/01

Roughened

0.7±0.32

04/04/01

Roughened

1.00±0.59

26/04/01

Roughened

0.89+0.34

04/05/01

Polished

2.21+1.41

16/06/01

Polished

2.88+1.66

Table 3.2 Summary of adhesion results for both roughened and polished Suprasil
glass.

Adhesion of Copper to Roughened and Polished Suprasil Glass

Figure 3.9 Histogram showing results for adhesion measurement for sputtered copper
on roughened Suprasil and polished Suprasil glass slides.
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The mean adhesion values for polished glass as shown in Table 3.2 are
significantly greater than the mean values measured for roughened glass. The data for
the measurement of adhesion to polished glass shows no distinct pattern and, more
importantly, in many cases the value of adhesion is numerically greater than the
measure of adhesion calculated for the roughened glass. From the results of the sticky
tape test it was expected that the reverse would be the case.
One possible explanation is that the epoxy permeated through the thin copper
film and bonded partially to the glass substrate, thus the maximum load measured
cannot be taken as a true measure of the load required to lift the copper disc from the
glass. Given that the growth and microstructure of a deposited film are subject to the
morphology of the substrate (among other conditions) it is possible that the copper
film on polished glass had a greater permeability than the film formed on the
roughened glass, thus allowing the glue to permeate more readily through this film.
The results of the experiments as conducted were inconclusive and the
problems encountered highlighted the unsuitability of the technique as applied.
Further investigation is required to develop a reliable method of measuring the
adhesion of copper to various glass substrates while maintaining the integrity of the
film itself It is thought that the pin-pull method could be modified with further
investigation to suit the current application, however the method of fixing the pin to
the copper surface is critical. Other epoxy products, or some form of soldered bond
may be suitable. Unfortunately time did not permit extensive study of this issue during
this work. The unexplained difference in the data for the two surface types confirms
the difficulty in achieving truly quantitative and comparative adhesion measurements
as is often discussed in the literature.
The sticky tape test, while lacking in sophistication, was considered to be a
reliable and accurate indication of the adhesion of a metal film or other material to a
substrate. Based on the consistent results of numerous sticky tape tests, the adhesion
of sputtered copper to roughened Suprasil glass was found to be good while the
adhesion of copper to polished glass was considered to be poor. Unfortunately this
rather predictable characteristic could not be quantitatively verified. Roughened
Suprasil glass was then used as the substrate for the planar coils sputtered during the
early stages of coil development. Subsequently (as discussed in later sections)
roughened glass tubes were not available and so polished glass tubes coated with
50nm Si02 were used.
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3.2 Development of Coil: Planar to Three Dimensional
3.2.1 Susceptibility tests on a planar coil
A reduced mass of copper in the copper coils was expected to reduce the
inhomogeneity caused by the magnetic susceptibility of copper, the significance or
extent of that reduction was uncertain. A key aspect in the development of copper
coils with reduced mass was the assumption that the effects of the magnetic
susceptibility of copper would be sufficiently reduced to yield significant
improvements in the detection of the NMR signal from the sample. A planar coil was
used to examine the extent of this reduction due to the relative ease of formation of a
planar coil compared to saddle coils. The original configuration of the deposition
system was suited to the deposition of planar coils; a flat glass substrate and mask
could be fixed in place using the standard substrate holder with only minor
modifications. In contrast the sputter deposition of a saddle coil on a cylindrical glass
tube required considerable modifications to the deposition system.

50mm

Figure 3.10. Dimensions and design of the first planar coil.
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The simple coil design employed for the first planar coil is shown in Figure
3.10 above The substrate used was a 50 x 50 x 1 mm, (Ra = 2pm), Suprasil glass
plate. The mask for the coil was manufactured by laser cutting at the National Centre
for Laser Applications (NCLA), National University of Ireland Galway, using 1mm
thick AISI 302 stainless steel. The standard cleaning procedure as outlined in
appendix A was used and the coil was sputtered under standard condition for 500
minutes deposition time to achieve an estimated 20pm of copper. Water cooling was
applied and the temperature was monitored at the back of the substrate to maintain the
temp below 200^^0.
The results of a DANTE tagged gradient echo experiment carried out at
Bruker Analytik using a solid copper wire 1mm diameter and the 20pm copper coil,
are shown in Figure 3.11 below. The copper coil on the glass substrate and the solid
copper wire were placed into silicon oil for the purpose of the experiment. The
susceptibility map in Figure 3.11 (a) shows the disturbance of the field grid due to the
magnetic susceptibility of the wire, while figure 3.11(b) shows the susceptibility map
for a 20pm coil. It is evident that the 20pm coil causes significantly less disturbance
to the homogeneity of the magnetic field than the 1mm wire. This confirmed that a
reduced mass of copper in the coil, achieved by thin film deposition, causes
significantly less disturbance to the homogeneity of the magnetic field in an NMR
experiment and that this difference can be readily observed.

Figure 3.11(a). Susceptibility Map for
1mm copper wire

Figure 3.11(b). Susceptibility map for
20 pm copper coil

59

3.2.2 Q Tests on a Planar Coil
The reduction in the thickness of the copper tracks was in principle limited by
the skin effect at higher frequencies, however 20pm of copper (as discussed in section
1.2) was ample to satisfy this condition. Nevertheless this reduction in the copper
thickness had the potential to adversely affect the Q factor of the coil due to a
reduction in the conductivity of the coil. The heating of the coil at high frequencies
might also reduce the conductivity of the coil.

0.7m
I I

0.7m

14.4mm

17.5mm

50mm

-50mm
Figure 3.12 Design of mask for 2 planar coil.

By modifying the design of the first planar coil (the coil was separated into
two sections and the dimensions of the coil were reduced as shown in figure 3.12) a
second 20pm planar coil was sputtered on 50mm x 50mm x 1mm (Ra= 2pm) Suprasil
glass (as shown in Figure 3.13). Prior to testing the glass substrate was cut so that the
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two “sides” of a coil were used to construct a complete coil with a minimum amount
of glass. RF testing was performed at Bruker Analytik. A wobble curve (Figure 3.14
below) was obtained for this coil and a Q factor measured at 497MHz. The Q factor
for the coil was calculated from the equation
0

fr
=

Bw

497.018
= 142
498.5847 -495.0847

Figure 3.13 Picture of the reduced size planar coils on 2jam Ra Suprasil glass

Figure 3.14. Wobble curve for reduced size planar coil of 20pm thickness
At this stage a Q value of this order was encouraging and these susceptibility and Q
test results achieved for both of the planar coils prompted advancement to 3D coils.
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3.2.3 Masks for the Saddle Coils
The proposed geometry of a 3D coil on a cylindrical glass tube of diameter
6mm was similar to the geometry employed for a planar coil on a flat surface; the coil
was simply “wrapped around” the tube. This geometry is commonly referred to as a
saddle coil. The manufacture of a mask to achieve this saddle geometry on a 6mm
diameter tube was not trivial. The issues encountered in this process included the
choice of mask material and the method of manufacture using the chosen material. In
addition the configuration of the deposition system and the method of fixing, cooling
and rotating the completed mask and tube was of concern. A discussion of these
issues follows.
The choice of material i.e. stainless steel or Aluminium governed the method
employed to cut the pattern, stainless steel could be cut by laser techniques or CNC
milling, however, conventional CNC methods are required to cut Aluminium. Both
methods were explored simultaneously.

Mask ID

Cy(0.5)Coil

Cy(1.0)Coil

Cy(2.0)Coil

Cy(12)Coil(Al)

Material

Stainless Steel

Stainless Steel

Stainless Steel

Aluminium

Dimensions

0.5mm thick

1mm thick

2mm thick

Formation

Laser

CNC

CNC

12mm thick
(pattern area only)
CNC

Rigidity

Mask warped when
cut,
considerable
distortion of coil
pattern
No

Slight distortion of
coil pattern

Rigid mask
no obvious
distortion of coil
pattern

Excellent rigidity
of mask
no distortion of coil
pattern

Yes

Yes

Yes

Tube too thin

Tube too thin,
distorted copper
lines

Separation distance
resulted in poorly
defined lines

Excellent line
definition

Used for
Sputtering
Suitability
for use

Table 3.3. Summary of the saddle coil masks.

Stainless steel masks
The glass tubes to be used were 6 mm outer diameter and the stainless masks
were manufactured from cylinders of 6.2mm diameter and varying thicknesses. They
were designed to allow the mask to slip down over the glass tube with the minimum
separation distance between the mask and substrate. The glass tube was inserted into
the mask before loading into the chamber and the assembly was mounted in a custom
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designed and manufactured cooling block (shown in Figure 2.21). The details of these
masks are summarized in Table 3.3
■

Cy(0.5)Coil. The pattern on the first mask was formed by laser cutting at the
NCLA, Galway. The inherent stress in stainless steel, particularly when using
such a thin tube, caused the metal to warp significantly when cut and the coil
pattern to distort. It was evident that such a thin tube of stainless steel could
not be utilised without stress relieving treatment prior to cutting, this would
have added considerably to the time required, the cost and the complexity of
production of a stainless steel mask by laser cutting. A thicker tube could not
be used for laser cutting as the laser cutting technique employed was not
suitable for stainless steel tubes thickness greater than 0.5mm.

■

Cy(1.0)Coil. The pattern on the second mask (shown in Figure 3.15) which
was 1mm thick was formed by CNC milling at ATS, Cork. Again some
distortion of the pattern was evident due to the stresses in the metal. On
sputtering a coil with this mask it was found that the separation between the
mask and the substrate coupled with the distortion in the mask resulted in
poorly defined lines and sloping edge profiles. Scratching of the sputtered
copper on removal of the mask due to the distortion was also of concern.

■

Cy(2.0)Coil. The third stainless steel mask of thickness 2mm was
manufactured by CNC milling at ATS, Cork. The increased thickness ensured
rigidity and minimal distortion of the mask. However poorly defined lines due
to the separation distance and scratching of the copper tracks on removal of the
mask remained problematic.

Figure 3.15. Second stainless steel saddle coil mask Cy(l.0)Coil.
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While this type of mask allowed some cooling of the substrate it was not
possible to automatically rotate the substrate while sputtering; these coils were
sputtered on one face, the sputtering system vented, mask and tube assembly rotated
and then the second face sputtered. The temperature at the inner face of the tube was
measured using the thermocouple probe as described in earlier sections and the
maximum temperature recorded was 200”C. This method, while affording cooling to
the substrates, resulted in uneven deposition around the tube and as already mentioned
poor definition of the sputtered lines. On visual inspection using a traveling
microscope the copper tracks measured (0.99-1.00)mm width instead of 0.8mm as
designed. Venting of the sputtering system during processing was not ideal and
contamination of the sputtered copper due to oxide growth or the introduction of
contaminants into the chamber was of concern. Taking into consideration the critical
nature of the separation distance between the mask and substrate, and to provide
continuous rotation of the substrate during sputtering to ensure uniformity of the
deposited thickness, it was necessary to redesign the mask.

Aluminium masks
Thickness of
_ reduced section
12mm

30mm
84.5mmJ

Outer (j)
17mm ,

Figure 3.16 Aluminium saddle coil mask,
its component parts

Cy(12)Coil(Al),
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shown clipped together and in

C(Al)CoiI. Aluminium (AISI 6061-T6) was chosen as the metal for the third
mask as it is considerably easier to machine by CNC techniques. This mask was
manufactured by ATS, Cork by CNC milling and is shown in Figure 3.16 above. A
thicker tube was required to ensure rigidity of the mask. The reduced section of the
mask (the patterned area) is 12mm thick and the thicker section is 17mm thick. To
ensure a minimal mask-to-substrate separation distance, and hence a good edge
profile on the deposited copper, the mask was designed to fit flush to the tube, the
inner diameter is 6mm. This was achieved by designing and manufacturing the mask
in three sections, which could be clipped securely around the tube. The mask was
designed to also clip securely to the rotational motion feed-through shaft while
centered in the chamber to allow continuous rotation of the sample while sputtering.
Unfortunately continuous rotation prevented the use of cooling water to control the
temperature of the substrate during sputtering. On sputtering with this mask excellent
pattern definition and line width control were evident and the mask was reusable and
reasonably robust. On visual inspection with a traveling microscope the copper tracks
were found to measure 0.8mm with 0.8mm separation between the tracks in
accordance with the mask pattern. One of the coils produced is shown in Figure 3.17.

Figure 3.17. Copper coils sputtered onto 5mm diameter NMR tubes coated with Si02.
Monitoring the temperature during sputtering with this continuously rotated
mask was not feasible as the existing thermocouple probe could not be employed in
conjunction with rotation. IR detection with an optical window was not possible
within the time frame as a suitably located port within the chamber was not available.
Consequently it was necessary to adopt an on/off cycle for sputter deposition that
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would allow the substrate to cool sufficiently in the presence of argon. As described in
section 2.4.3, a cycle of 10 minutes sputtering followed by 10 mdnutes of cooling was
deemed appropriate to maintain the temperature of the substrate below 200°C.
The rotation of the mask and coil assembly as well as the striking and
quenching of the plasma were controlled by a simple timing circuit; a timer and relay
were used to control the on/off function of the DC power supply and to turn the motor
used to drive the shaft of the rotational motion feed-through on and off. This
configuration provided rotation of the substrate at a speed of 2-3 revs per minute.

3.2.4 Production of the Saddle Coils
It was expected at the outset of this project that the adhesion of copper to
polished NMR glass tubes would be poor, and the sticky tape test confirmed this,
hence an adhesion promoter was required. Initial work on Suprasil with Rg = 2pm was
based on the expected availability of NMR tubes with the same average roughness
value. However it was not possible to source Suprasil glass tubes with Rg = 2pm and
Rmax < 3pm. It was deemed crucial to ensure Rmax was not greater than 3pm as peaks
and troughs on the surface of the glass greater than 3pm could result in an uneven
thickness of sputtered copper. This could prove detrimental to the conductivity in RF
applications due to the skin effect. Polished NMR tubes coated with Si02 were
provided by the industrial collaborator in an attempt to improve adhesion on polished
glass. Sticky tape tests confirmed this improvement. On visual inspection of the tape
approximately 20-30% of copper was removed using Si02 coated NMR tubes
compared to 80-90% of copper removed from polished NMR tubes
Nine copper coils were sputtered onto NMR tubes coated with Si02 under
standard deposition conditions, with a 10 minutes duty cycle. (SO# 1-9). A deposition
rate of 0.02pm per minute was assumed (being 50% of the planar deposition rate
without rotation). In general the pattern definition was excellent however coil SO#4
showed contact between some of the copper tracks due to slight distortion of the
mask. (The contact was subsequently broken and the coil was usable). The mask was
returned to the manufacturer and adjusted prior to further deposition.
The time taken to produce a 20pm saddle coil was considerable. At a
deposition rate of 0.02pm per minute and incorporating the 10 minute duty cycle the
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sputtering of a 20pm saddle coil required approximately 34 hours process time.
Taking account of chamber cleaning prior to deposition, mask cleaning prior to
deposition and system pump down times the throughput for 20pm thick copper coils
was one per fortnight.

Sample

Metal

ID

Targeted
Thickness
of Copper

___

Measured
Thickness
of Copper
(pm)

Q Factor

Condition/Status

SO#l

Cu

3

N/A

N/A

Damaged in Shipment

SO#2

Cu

5

2

N/A

Damaged in Shipment

SO#3

Cu

5

2

N/A

Damaged in Shipment

SO#4

Cu

20

N/A

25.32

Tested at Bruker Analytik

SO#5

Cu

1

N/A

N/A

Seed layer for electroplating at
Bruker Analytik

SO#6

Cu

20

3

N/A

Damaged during testing at
Bruker Analytik

SO#7

Al/Cu

2.6/17.4

9

46.5

Tested at Bruker Analytik

SO#8

Cu

20

15-20

N/A

Damaged in testing

SO#9

Cu

25

N/A

N/A

Coil detached from glass
immediately after sputter

Table 3.4 A summary of the outcome of saddle cods sputtered onto NMR tubes.
The outcome of the nine coils is summarized in Table.3.4 above. The
deposited thickness of copper was measured by Bruker Analytic before testing of the
coils. The measured coil thickness was found to be less than the targeted thickness in
most cases. Each coil was sputtered under the standard deposition conditions. The
results reported for coils SO# 1-4 and SO#6 suggests that it may not have been valid to
assume that the deposition rate with rotation was 50% of the flat deposition rate (i.e.
without rotation). However the coil SO#8 was found to have a thickness of copper
close to or equal to the targeted thickness. The difference in the thickness of copper as
measured by Bruker Analytik and the targeted thickness as estimated using the
calculated deposition rate is difficult to reconcile, furthermore it is worth noting the
thickness measurement performed at CIT showed good agreement with that measured
at the Tyndall National Institute.
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Unfortunately a number of the first coils developed were damaged in shipment
(SO# 1-3). Coil SO#9 was sputtered with a targeted deposition thickness of Cu of
25pm. On removal of the coil from the chamber it was evident that the copper film
had detached from the Si02 coated tube. The increased thickness of copper or perhaps
excessive heating during sputtering may have resulted in stress in the film causing
poor adhesion of the copper.

3.2.5 Testing of the Saddle Coils
NMR tests were attempted on a number of coils at Bruker Analytik (SO#4-8).
However in a number of cases a test could not be performed and a Q factor could not
be measured for the reasons outlined below.
• Damage to the copper tracks occurred during soldering to fonn a contact for
testing.
• The use of solvent to clean solder flux caused the copper to lift from the glass.
• The coil detached from the glass or cracks formed in the coil on mounting the
coil into the NMR probe.
• Cracks formed in the copper tracks close to, or at, the soldered contact point on
application of an RF signal.

Figure 3.18 Copper saddle coil (Coil^) on 6mm diameter glass NMR tube
with soldered copper contacts.
Removal of the copper suggests that the adhesion of copper to the glass was
inadequate for the application. Cracking of the copper suggests that perhaps the
thickness was insufficient to accommodate the heating effect of soldering and the
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application of an RF signal. Unfortunately there was insufficient data to ascertain
whether the copper thickness was sufficient to accommodate the skin effect associated
with RP signals. Figure 3.18 shows a coil (SO#6) with saddle geometry after
soldering of copper contacts for testing and Figure 3.19 shows a coil (SO#4)mounted
in the NMR probe

Figure 3.19 Saddle coil (Coil^) sputtered onto 6mm diameter glass tube at CIT
mounted in NMR probehead at Bruker Analytik. Photo courtesy of Bruker Analytik
Two coils were successfully mounted and tested. Wobble curves for coil SO#4
and SO#7 are shown in Figures 3.20 and 3.21 respectively and the results summarised
below.
-

SO#4

20pm Cu

Q = 25.32

(figure 3.20).

Figure 3.20. RF test results for saddle coil (coil SOft4: 20pm). As supplied by Bruker
Analytik GmBH.
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Figure 3.21. RF test results for saddle coil (SO^): 2.6 jum Al / J7.4 jam Cu). As
supplied by Bruker Analytik GmBH.
It was hoped that the layer of Aluminium of paramagnetic susceptibility of
21x10*^ would counteract the diamagnetic susceptibility of copper -9.8x10’^ thereby
reducing the inhomogenity of the magnetic field caused by the coil. Unfortunately due
to time constraints and lack of substrates there was insufficient data to draw any
conclusion in this regard.
The apparently poor adhesion of the copper to the glass and the measured Q
factors for cylindrical saddle coils were disappointing compared to the excellent
adhesion and the Q factor of 140 as measured for planar coils. A number of factors
may have contributed to yield such low Q factor values: the adhesion of the copper to
the glass, the conductivity of the copper and the true thickness of the copper.
Firstly the adhesion of the copper to the tube is obviously of concern. The
adhesion appears to be insufficient to allow contacts to be soldered to the deposited
tracks, the heat from soldering may have caused thermal expansion of the copper thus
generating stress within the film causing it to detach. Likewise the heating effect of an
RF signal through the thin copper conductor may have similar consequences. An
increased thickness of copper may allow better heat dissipation in the coil thus
avoiding such adverse consequences to the adhesion of the copper.
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It is also uncertain at this stage whether 20gm of copper is adequate to provide
the high conductivity necessary to facilitate a good Q factor in the current application.
As discussed in section 1,2 the skin depth of copper at lOOMhz is 6.6pm thus 20pm
was considered to be adequate to overcome the skin effect.
The uncertainty in the true thickness of the deposited copper complicates the
adhesion and conductivity issues. Without knowledge of the absolute deposition rate
for rotated samples the two former issues, namely the heating effect and the
conductivity, cannot be satisfactorily resolved
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4. Conclusion
4.1 Summary
The original aim of this project was to develop thin film copper coils on
cylindrical glass tubes which could be used for NMR spectroscopy. The objective was
to reduce the limitations imposed by the magnetic susceptibility of the coil material
itself on high resolution NMR spectroscopy. A reduction in the mass of the copper
coil was predicted to bring about a reduction in the disturbance of the magnetic field
caused by the magnetic susceptibility of copper. Using a combination of two or more
metals it was also anticipated that this inhomogenity could be further reduced by
balancing the diamagnetic susceptibility of copper with the paramagnetic
susceptibility of, for example, aluminium.
Nine copper coils of suitable geometry on cylindrical NMR glass tubes were
produced. The development process involved a number of issues: the optimisation of
the substrate for the adhesion of deposited copper, the characterisation and
modification of a magnetron sputtering system, as well as the design and manufacture
of the masks used to form the copper coils.
Early adhesion tests using a pin-pull method of testing proved inconclusive,
however, from simple sticky tape tests it was evident that mechanical interlocking
between copper and roughened glass was most effective in ensuring good adhesion of
copper to glass. To facilitate the skin effect at high frequencies the depth of the
deposited film was required to be uniform around the coil, thus a low value of
maximum roughness

(Rmax)

was necessary. However it was found by the industrial

collaborator that tubes with the required specification could not be produced: the
maximum roughness Rmax could not be controlled to the specification required.
Consequently a thin film of Si02 (50nm) was coated on the polished glass tubes to
improve adhesion. Despite an obvious improvement when compared to the adhesion
of copper directly to glass, it was later found that the adhesion using Si02 coated
tubes was not adequate for the current application. Due to time constraints this matter
eould not be explored further.
A magnetron sputter deposition system was characterised and modified to
facilitate the deposition of copper and copper/aluminium saddle coils on 6mm
diameter cylindrical NMR glass tubes. A total number of 2 planar masks and 4
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cylindrical masks were tested until a final version was successfully adopted. The final
version, manufactured from aluminium was manufactured in three components parts
designed to fit flush to the glass tube.
Preliminary planar copper coils were used to demonstrate that a reduction in
the copper mass did indeed bring about considerable reduction in the disturbance of
the homogeneity of the magnetic field as demonstrated using a susceptibility map.
These planar coils also demonstrated a satisfactory Q factor (Q = 142) when tested.
Eight copper saddle coils and one aluminium/copper layered coil were successfully
formed. The deposition process, though lengthy and with low throughput, was
implemented to produce coils of good line definition and edge profile on visual
inspection. The values of Q factor (where measured) of the cylindrical coil were much
lower (25, 46). Furthermore issues relating to the adhesion of the copper and the
inability of the copper coils to withstand RF currents were apparent.

4.2 Future Developments
At the completion of the current work a number of areas worthy of further
investigation have been identified. These include modifications to the deposition
system to improve throughput, improvement to the adhesion of copper to the
cylindrical glass tubes and optimization of the film for NMR applications.
To increase the throughput a number of modifications may be employed to
improve the deposition rate. The target to substrate distance may be decreased,
although this would require substantial modification to the system, alternatively the
DC power to the target may be increased, likewise the working gas pressure may be
altered to increase the mean free path of the sputtered copper. It is not proposed
however to alter the working gas pressure as the value of 4mTorr is consistent with
values reported in the literature. Investigation of the increased heating effect of any
such change would be essential.
Changes to the configuration of the target could be employed to significantly
improve the deposition rate and thus the throughput. A hollow cylindrical target may
be more suited to this application than the single planar target currently installed in
the system. A hollow cylindrical target would allow uniform deposition of a
cylindrical substrate placed inside it. This would dramatically decrease the deposition
time, eliminate the need for rotation, allow cooling of the substrate and allow the use
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of a thermocouple probe to monitor the substrate temperature. However the magnetic
field configuration for a cylindrical target is not trivial and would require considerable
experimentation to perfect. Another similar option would be the use of three planar
targets arranged around a central substrate. Similar benefits to those provided by a
cylindrical target such as, uniform deposition in a reduced time without rotation,
cooling of the substrate and temperature monitoring would result. The implementation
of such modifications would of course be complex and expensive.
Dynamic monitoring of the deposited film thickness would allow closer
control of the deposition thickness once calibrated. It would be particularly useful in
determining the deposited thickness when an On/Off duty cycle is employed.
Thickness measurement systems based on the use of oscillating quartz crystals,
although costly, are widely available and could be implemented on the current sputter
system.
As previously mentioned one of the limitations of the current system was the
lack of information on the absolute temperature at the substrate during sputtering onto
rotating substrates. Knowledge of the actual temperature at the substrate face might
allow increased sputtering time and adjustment of the current duty cycle. As a
conventional thermocouple may not be used an Infrared radiation thermometer or
pyrometer could be used as a means of detecting the temperature at the target during
sputtering. It is known that the structure and inherent stress of the deposited film
varies with substrate temperature and deposition rate. Investigation of the film
morphology, by Atomic Force Microscopy for example, as a function of deposition
rate and substrate temperature may allow fine-tuning of the deposition process to
achieve the optimum process and metal film for the application. The installation of an
infrared pyrometer would however require considerable modification to the deposition
system as a suitably located port is not currently available.
The final Aluminum mask used successfully in this project was formed by
precision CNC machining, the coil dimensions as supplied were readily achieved
using the method. In fact it is believed that the line widths could be reduced further
without causing undue difficulty in the current mask fabrication technique. Redesign
of the current mask so as to simplify the assembly of the mask around the tube by
replacing or modifying the clips used to secure the mask components together would
be advantageous.
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Due to repeated use and handling the aluminium mask was subject to some
wear that was found to affect the definition of coils after a number of uses. It is
predicted that a mask manufactured from stress relieved tool grade stainless steel
would have a greater endurance to repeated fitting, removal, handling and processing.
Heat treatment and annealing remove the inherent stress in metals prior to machining,
thus rendering the stainless steel quite rigid with excellent durability and wear
resistance. However the process of manufacture would be considerably more complex
thus raising the cost and prolonging the time taken to manufacture a mask if such
processes were implemented.
The adhesion of the copper to the glass substrate requires improvement. While
the use of 50nm of Si02 resulted in considerable improvement in the adhesion of the
copper coil to the glass it was not optimum. Other known adhesion promoters such as
a layer of titanium may be used. The magnetic susceptibility of any chosen layer
should also be considered however it is most likely that the thin layer required as an
adhesion promoter, usually in nanometre range, would not significantly affect the
homogeneity of the magnetic field. It has also been suggested in the literature that
alloying the copper with small amounts of magnesium or aluminium provides a layer
with superior adhesion. Again the susceptibility and the reduced conductivity of any
such alloying metal requires consideration.
Reducing the mass of copper has been shown to significantly reduce the
disturbance caused by the copper coil itself Forming the coil of two or more metals
so as to effectively cancel the magnetic susceptibility of the coil itself would further
reduce this disturbance. The presence of a paramagnetic metal to cancel the
diamagnetic susceptibility of the copper may be effective. Rhodium has been
investigated for this purpose [4] and aluminium was trialed in this project. The
magnetic susceptibilities of rhodium and aluminium are 111x10'^ and 21x10'^
respectively, both metals are paramagnetic. It may be possible to choose a
combination of metals that would offer increased adhesion of the metal to glass, as
well as reducing the disturbance of the copper on the magnetic field.
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Appendix A

Cleaning Procedures

A.1. Cleaning of the chamber prior to deposition
The chamber shields must be stripped of any flaking Copper prior to loading a coil for
deposition. This may be done by rubbing off the Copper or using sticky tape to
remove the Copper. This may be followed by etching the Copper in dilute Nitric acid.
If Nitric acid is to be used it is best to remove as much as possible of the Copper by
mechanical methods first. After removal of the Copper the shields should be wiped
down first with hot Toluene, then Acetone and IP A using clean room wipes for this
purpose. This work should be carried out in a fume cupboard, and gloves should be
worn. The chamber itself may be vacuumed out to remove any loose flakes of Copper
and then wiped down with IPA and cleanroom wipes. After replacement of the shields
a final wipe down of IPA is recommended to remove any contamination that may
occur when fitting the shields. The large o-ring should be wiped with a cleanroom
wipe moistened slightly in IPA.

A. 2. Target burmin
Bum-in simply involves sputtering under normal conditions for a period of 1
hour to remove the outside layer of Copper and thus remove any oxide and
contaminants before loading a sample. Before loading into the chamber for bum-in
each target is cleaned according to the procedure below.

1. Heat in Toluene, (to degrease), blow off,
2. Etch for 3 minutes in dilute (10%) Nitric acid,
3. Rinse well in Di water
4. Boil in Toluene
5. Boil in Acetone
6. Boil in IPA
7. Dry with cleanroom wipe

Fix the cleaned magnetic keeper to the back of the target. Using a gloved hand
spread a thin layer of thermal contact paste on the back of the target. Load the target
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into chamber ASAP or keep wrapped up to prevent excessive oxide re-growth and
contamination. The magnetic keeper should be cleaned as per the standard elean
outlined below.

A.3. Standard Cleaning Procedure
This is a solvent clean designed to remove all organic contaminants, some
metal contaminants and all particulate matter. Items that are particularly dusty may be
washed in soapy water, rinsed well in clean water and dried before the solvent clean.
The solvents used should be hot but not boiling. Rigorous boiling may damage the
delicate tubes and poses a safety risk, as the solvents are highly flammable.

1. Soak in hot Toluene for 5 minutes
2. Remove, place on cleanroom wipes and blow off dry with Nitrogen
gun
3. Soak in hot Acetone for 5 minutes
4. Remove, place on cleanroom wipes and blow off dry with Nitrogen
gun
5. Soak in hot IP A for 5 minutes
6. Remove from IP A with a tweezers, hold the tube/substrate above the
beaker of IPA and rinse with IPA.
7. Place on cleanroom wipes and Blow off dry with Nitrogen gun
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Appendix B

Sample Preparation

There are a number of steps involved in the fabrication process of a coil. These
steps are outlined below
1.

Preparation of the chamber: for details of the chamber cleaning
procedure refer to Appendix A

2.

New target burn-in: The estimated lifetime of the 50mm diameter 6.35mm
thick Copper targets is approximately 17.5 hours sputter time (power
200W, Voltage ~ 500V, Current ~0.300A). As the deposition time for a
20pm coil is 16 hours it is essential to load and bum-in a new target before
sputtering a coil. Target bum-in is designed to remove any contamination
from the surface of the target. Bum-in procedure is described in Appendix
A.

3.

Cleaning of mask: Excessive build up of Copper on the mask is firstly
removed with sticky tape then any residual Copper is removed by etching in
dilute Nitric acid. Once the Copper is removed the mask may be cleaned
according to the standard clean outlined in Appendix A.

4.

Cleaning of tube: Standard uncoated tubes are cleaned according to the
standard cleaning procedure as outlined in Appendix A. Tubes coated with
Si02 are not cleaned in any way prior to loading into the chamber for
sputtering. Any loose debris or particles are removed by blowing off with
compressed Nitrogen.

5.

Assemble tube and mask: The mask and tube are assembled immediately
prior to loading in the chamber. Only one circlip is attached at this stage.
The mask and tube assembly are blown off with compressed Nitrogen to
remove any loose particles.

6.

Load into system and pump to required base pressure: The mask and
tube assembly are loaded into the chamber and the second circlip fitted. It is
used to attach the mask to the rotational motion shaft. The system is
B 1

pumped down without delay. An overnight pump-down is standard
however a base pressure below 4-5x10'^ Torr is sufficient.

7.

Sputtering the Coil
•

Use a deposition rate of 0.02pm/min to estimate the deposition time.
(1000 minutes (~16.5 hours) of sputtering is required for 20pm thickness).

•

This time assumes constant rotation of the tube and mask at a rate of 2-3
revolutions per minute.

•

A 10 minute duty cycle is used when sputtering.

•

During the cooling period the gate valve is closed and the Argon needle
adjusted to increase the Argon pressure. The pressure rises to
'y

approximately 10' Torr,
•

The process parameters for sputtering a coil at 0.02pm per minute are
outlined below
Base pressure; <5x 10'^ Torr
Time to base: usually overnight
Process pressure: 4x10'^ TonProcess gas: Argon
Plasma power: 200W; Voltage ~ 500V; Cunent ~0.300 A for new
target
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Appendix C Data Sheets for Sheet Resistance Measurement

Omnimap Data Sheets for Aluminium Wafer Supplied by The Tyndall National
Institute.
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Figure C.l Results as supplied by The Tyndall Institute.
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Figure C.2 Results as measured at CIT.
C2

24224A

C

04'Oh 11 50
!D4
”

4i I nm

9 -7 720u«

<J»

“••------------------ -------

"(. . . . . •"

fK-g *
TIR 7 b80u»
R« 3 0O5u*
*

'4 1 iHi *m

R

290.Ou.

',
I

>•

■

.

1.

SC«i fCNU 1

ijw

■EBpin ^
Hi t

''V

f

5 25

-8f

SCflh t* 8 t

[

DIR <—
(
STYLUS
7i«g
326
362u« LEUEL

200

loo:

‘3'OC

'igure C.3 Stylus Profile of Sample 1/039, 170 Minute Sputter, Thickness = 7.680/Am

C3

Appendix D

Resistivity And Sheet Resistance

Measurement

The resistivity p of a layer is a measure of the opposition to the flow of
electrical charge carriers along the layer. Resistivity is a bulk property of a material,
and is a function of the carrier concentration r|, the carrier mobility u, and may be
given by the equation

P=

1

(1-8)

rjeu

For thin layers the sheet resistance or resistance per unit area is given by
(1-9)
where t is the thickness of the layer. A layer of metal of length 1, and width w,
has resistance given by the equation
r

Sheet

V =
=—

I

resistance

f —n

r\

(1-10)

yw)

Rs

measurements

are

readily

made

using

4-probe

measurement techniques. A measurement of sheet resistance may be used, along with
the known resistivity of the metal, to calculate the thickness of a particular layer of
metal. Four-probe measurements are used to measure the resistivity of large volume
samples such as ingots and wafers, and the sheet resistance of thin layers such as
epitaxial Silicon and metal layers. The resistivity and the surface preparation of the
material are important determinants in the accuracy of the measurements that can be
made using this technique. Sample geometry must be considered to ensure an accurate
measurement of the sheet resistance.
The sheet resistance Rs is obtained by introducing a current I through two pins
and determining the voltage drop across the two remaining pins. The pins may be
arranged in the square array or linear array configurations. For the square array
adjacent probe pairs carry current and measure voltage as shown in figure 2.1. If the
probe tip spacing is equal (si=S2=S3=S4), and d the sample area is very large compared
to the probe tip spacing

(A»Sn)

then

D 1

Rs=^R = 9mAR
In 2

(1-11)

where
(1-12)

I

For the linear array, as shown in figure D.2, the two outer pins carry the
current and the voltage drop across the inner two pins is detected. If, as before, the
probe tip spacing is equal and the sample area is large compared to the probe tip
spacing, then
Rs =

2n
Ra = 4.5327?.
In 2

(1-13)

Where
(1-14)

I

Using the linear array, it is possible to use a self-compensating technique to
eliminate errors due to geometric effects such as probe tip spacing and the geometry
of the sheet. This allows a more accurate reading of Rs to be made.

Figure D.l Square Array

D2

Figure D.2 Linear Array
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Appendix E

LabView Program

Figure E.l. Front panel of the LabView program developed to read the thermoeouple
signal from the thermocouple temperature probe used to measure the temperature at
the target and substrate.

Device

m

Voltage Input Limits
low limit

tmount of time elapsed since
process was started

high limit

seconds

Channel 1

Temperature

1108.89 I

Stop monitoring
)ump down process,
" and save data

10

11

Figure £.2 Circuit diagram of the LabView program developed to read the
thermocouple signal from the thermocouple temperature probe used to measure the
temperature at the target and substrate.
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Appendix F

Data Sheets for Adhesion Measurement

Table F.l Data for pin-pull test on site 2(b) batch AD29/03/01
EXT.
MM

LOAD
N

0
0
0
0
1.47E-02
5.68E-02
0.10437
0.122711
0.164185
0.184937
0.207581
0.227601
0.270386
0.292117
0.38208
0.402832
0.426395
0.47034
0.552985
0.618286
0.702515
0.728762
0.796143
0.813726
0.836188
0.857544
0.878906
0.899665
1.027841
1.057007
1.100464
1.121216
1.141124
1.182143
1.203622
1.247559
1.2677
1.291504
1.309096
1.332532
1.467294
1.467163
1.510256
1.553345
1.572763

0
-0.13721
-1.97E-02
0
0.117615
0.215607
0.294006
0.313599
0.548798
0.72522
1.019226
1.724823
2.842041
3.410431
4.586456
5.331268
5.58606
5.938873
6.487671
8.114502
10.62332
11.66214
14.09256
15.11179
16.3858
17.1698
18.13022
19.18863
2.195221
2.214844
2.214844
2.175629
2.195221
2.175629
2.175629
2.175629
2.195221
2.195221
2.195221
2.175629
2.195221
2.195221
2.175629
2.175629
2.175629

LOAD CELL: 500 N
CELL SENSITIVITY: 103.8%
LOAD RANGE: 500 N
EXTENSION RANGE: 750 MM
TEST SPEED: 10 MM/MIN
TEST TYPE: TENSION
CYCLE: OFF
AUTO RETURN: OFF
AUTO ZERO: ON
BREAK DETECTOR: AUTOMATIC
JOG SPEED: 1 MM/MIN

HIGHEST LOAD

F 1

1.61499
1.636353
1.657104
1.680181
1.727061
1.773928
1.838383
1.879407
1.920776
1.94386
1.984867
2.004901
2.028327
2.047873
2.184448
2.265991
2.30957
2.332764
2.352545
2.39624
2.418971
2.446301
2.489268
2.528345
2.593994
2.614136
2.63381
2.657227
2.679443
2.76662
2.789307
2.792114
2.836922
2.856467
2.918956
2.939453
2.961918
3.004889
3.023438
3.0896
3.11087
3.111023

2.156036
2.175629
2.195221
2.175629
2.175629
2.175629
2.156036
2.175629
2.175629
2.175629
2.195221
2.175629
2.175629
2.175629
2.156036
2.175629
2.195221
2.195221
2.175629
2.175629
2.175629
2.175629
2.175629
2.175629
2.175629
2.156036
2.156036
2.175629
2.175629
2.156036
2.195221
2.195221
2.175629
2.195221
2.156036
2.175629
2.156036
2.156036
2.195221
2.175629
2.175629
2.175629
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Table F.2 Adhesion data for batches AD219.03.0J, AD04.04.01, AD26.04.01,
AD04.05.01, AD16.06.01 showing the Load/area for each site in MPa and showing
the mean calculated adhesion for each batch.

n
Mean
Standard
Deviation

26/04/01

29/03/01

04/04/01

04/05/01

16/06/01

0.73
0.29
1.03
1.19
0.61
0.81
1.14
0.54
0.93
0.51
0.32
1.03
0.57
0.89
0.91
0.78
1.66
1.27
1.37
1.28
1.39
0.92
1.13
1.09
0.47
0.9
0.51
0.55
0.88

0.93
0.56
0.72
0.48
0.5
0.62
0.68
0.44
0.71
0.47
1.24
1.07
0.29
0.49
0.79
0.78
0.83
0.94
1.42
0.59
0
1.22
0.44
0.61
0.68

2.55
1.25
1.04
0.44
0.94
0.68
1.09
0.5
1.23
0.49
0.36
1.85
1.15
1.06
0.68
2.16
0.39
0.5
0.4
1.93
0.98
0.94
0.48
0.79
1.49
0.6

4.46
0.75
2.27
2.57
0.76
2
0.68
0.6
0.64
1.57
1.83
4.57
2.29
0.39
1
3.57
3.05
2.28
3.22
2.65
5.11
3.59
0.54
4.35
1.43
2.66
1.35
3.58
0.46

29
0.89

25
0.7

26

1

29
2.21

1.03
0.9
1.2
5.82
4.02
2.62
3.56
5.91
0.49
4.39
4.46
1.79
3.16
2.11
2.22
1.52
0.69
0.86
1.96
2.3
4.38
2.73
6.6
1.88
3.2
4.44
3.74
1.51
3.63
3.21
30
2.88

0.34

0.32

0.59

1.41

1.66

F3

Bin
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
3.2
3.4
3.6
3.8
4
4.2
4.4
4.6
4.8
5
5.2
5.4
5.6
5.8
6
6.2
6.4
6.6
6.8
More

04/05/2001
Frequency
4
0
1
3
4
1
0
1
2
0
2
0
3
1
2
0
1
1
3
0
0
0
1
2
0
0
1
0
0
0
0
0
0
0
0
0

26/04/2001
Bin
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
3.2
3.4
3.6
3.8
4
4.2
4.4
4.6
4.8
5
5.2
5.4
5.6
5.8
6
6.2
6.4
6.6
6.8

Frequency
4
0
2
6
3
7
6
4
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Bin
0
0
0
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
4
4
4
5
5
5
5
5
6
6
6
6
6
7
7

More

0

More

29/03/2001
Frequency
9
0
1
8
8
3
1
2
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Bin
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
3.2
3.4
3.6
3.8
4
4.2
4.4
4.6
4.8
5
5.2
5.4
5.6
5.8
6
6.2
6.4
6.6
6.8
More

04/04/2001
Frequency
1
0
3
6
3
3
4
2
1
0
2
1
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table F.3 Frequency distribution of data for adhesion pin-pull tests.
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Bin
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
3.2
3.4
3.6
3.8
4
4.2
4.4
4.6
4.8
5
5.2
5.4
5.6
5.8
6
6.2
6.4
6.6
6.8
More

16/06/2001
Frequency
3
0
0
1
1
2
2
0
2
1
2
1
2
0
2
0
2
1
1
2
0
1
2
2
0
0
0
0
0
0
2
0
0
1
0
0

